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P- 2021/36795

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

Re: Expediente No. NC2021/0017366
Solicitud de patente a nombre de AMGEN INC

CLARKE MODET & CO COLOMBIA SAS, por intermedio de CAROLINA MERCEDES DAZA
MONTALVO mayor de edad, identificada con cédula de ciudadania nimero 39.808.557,
abogada en ejercicio portadora de la tarjeta profesional nimero 141.563, actuando
como apoderada de la sociedad AMGEN INC domiciliado en California, Estados Unidos
de Ameérica, solicitante de la patente de referencia, en respuesta al oficio N© 3985
notificado electrénicamente el 26 de marzo de 2025, relativo a los requisitos sustantivos
de la solicitud, respetuosamente me permito presentar la siguiente informacién:

1. Modificacion al capitulo reivindicatorio:

Con fundamento en la facultad que confiere el articulo 34 de la Decisidon 486 al
solicitante para modificar la solicitud de patente en cualquier momento del tramite,
presento junto a este memorial un nuevo capitulo reivindicatorio que consta de
diecisiete (17) reivindicaciones, el cual reemplaza completamente el documento
presentado el 12 de febrero de 2025. Especificamente, se realizaron las siguientes
modificaciones:

1.1  Se modificé la reivindicacidén 1 con el fin de:

1.1.1 Hacer referencia a que el compuesto corresponde a la Forma I del
antropoisdmero M del Compuesto 1. Dicha modificacion se
sustenta en las paginas 37, 43 y Ejemplo 1 de la descripcion.

1.1.2 Reemplazar la referencia a que el numero de picos del patrén de
difraccion de polvo de rayos X es “al menos tres” por el rango de
“tres a dieciocho” de conformidad con los picos alli reclamados.
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1.1.3 Reemplazar el término “usando” por “con” para referirse a que la
difraccion de polvo de rayos X se realiza con una longitud de onda
de rayos X de 1.54 A.

1.1.4 Reemplazar la referencia a que el nimero de picos del RMN en
estado sélido de 13C es de “al menos tres” por el rango de “tres a
treinta y dos” de conformidad con los picos alli reclamados.

1.2 Se eliminaron las reivindicaciones 2, 7, 11. Ademdas se ajustd la
numeracion del documento.

1.3 Se maodificd la antigua reivindicacidon 4 (nueva reivindicacion 3) con el fin
de reemplazar la referencia a que el niumero de picos del patréon de
difraccion de polvo de rayos X es “al menos cinco” por el rango de “cinco

a dieciocho” de conformidad con los picos alli reclamados.

1.4 Se maodificd la antigua reivindicacidn 5 (nueva reivindicacion 4) con el fin
de reemplazar la referencia a que el niumero de picos del patréon de
difraccion de polvo de rayos X es “al menos siete” por el rango de “siete a

dieciocho” de conformidad con los picos alli reclamados.

1.5 Se maodificé la antigua reivindicacién 8 (nueva reivindicacion 6) con el fin
de reemplazar la referencia a que el numero de picos del RMN en estado
solido de 3C de “al menos cinco” por el rango de “cinco a treinta y dos” de

conformidad con los picos alli reclamados.

1.6  Se maodificd la antigua reivindicacién 9 (nueva reivindicacion 7) con el fin
de reemplazar la referencia a que el nUmero de picos del RMN en estado
solido de '3C de “al menos siete” por el rango de “siete a treinta y dos” de

conformidad con los picos alli reclamados.

Estas modificaciones no amplian de ninguna manera la materia objeto de la presente
solicitud, ya que se encuentran sustentadas tanto en la descripcién como en el listado
de secuencias, y se realizan con el fin de definir la materia reclamada de forma clara y
superar las objeciones planteadas por el examinador en su concepto técnico.
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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 la
solicitud, segun lo establecido en la Resolucion 59669 de 2020.

Ahora, en relacién con el numero de reivindicaciones, atentamente me permito resaltar
que junto a la presente respuesta no se realiza el pago de la tasa por concepto de
reivindicaciones adicionales, dado que el nuevo capitulo reivindicatorio cuenta con un
menor numero de clausulas que el presentado y estudiado anteriormente por su
despacho.

Por otra parte, es deseo del solicitante requerir que, si el examinador considera que aun
existen motivos que impidan la concesién de la solicitud, proceda a emitir un nuevo
examen de patentabilidad, para lo cual se anexa el respectivo pago de nuevo examen.

3. Claridad y concision de las reivindicaciones

El solicitante manifiesta que mediante la presentacion del nuevo capitulo reivindicatorio
quedan subsanadas la totalidad de las objeciones presentadas por el examinador en su
concepto técnico, de modo tal que las nuevas reivindicaciones reclaman de manera
clara y concisa la invencidén descrita. Con respecto a las objeciones especificas del
examinador, me permito manifestar lo siguiente:

3.1 El examinador indica que el alcance de la reivindicacidon 1 y sus dependientes se
refiere especificamente a la Forma I anhidra cristalina del atropisémero M del
compuesto (1). Por tanto, solicita que se especifique expresamente esta forma
para una definicion mas clara del material a proteger.

Con el fin de facilitar la continuacidon del tramite, el solicitante ha decidido acoger la
sugerencia del examinador y ha modificado la redaccion de la reivindicacion para
especificar que el compuesto corresponde a la forma cristalina (Forma I) del
atropisomero M del 6-fluoro-7-(2-fluoro-6-hidroxifenil)-1-(4-metil-2-(2-propanil)-3-
piridinil)-4-((2S)-2-metil-4-(2-propenoil)-1-piperazinil)pirido[2,3-d]pirimidin-2(1H)-
ona, es decir, la Forma I del atropisomero M del Compuesto 1.
En este sentido, se solicita respetuosamente considerar superada la objecidn
correspondiente.
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3.2 El examinador observa que la reivindicacion 1 incluye tres caracteristicas
alternativas (a, b o c), lo cual genera ambigliedad respecto al alcance de la
proteccion. Dado que se refiere a un Unico material, el examinador recomienda
eliminar el caracter opcional y redactar la reivindicacion de forma acumulativa.

El solicitante manifiesta respetuosamente su desacuerdo con la objecidn planteada. En
este sentido, desea aclarar que el alcance de la reivindicacidén 1 es claro y se encuentra
debidamente definido, ya que el compuesto al que hace referencia corresponde
especificamente a la Forma I del atropisdmero M del Compuesto 1.

Asimismo, se precisa que dicha reivindicacion establece tres métodos independientes
para caracterizar e identificar la forma reivindicada. Cada uno de los métodos senalados,
(a), (b) y (c), es, por si solo, suficiente para identificar la forma cristalina objeto de
proteccién. Cabe resaltar que los métodos indicados son técnicas reconocidas vy
ampliamente utilizadas en el campo de la ciencia del polimorfismo, siendo practicas
estandar en la caracterizacion de formas sélidas (véanse, por ejemplo: Du et al., 2022,
y Gil et al.,2019, que se encuentran para facilidad de consulta en los anexos de este
memorial).

Dichos métodos representan alternativas validas de caracterizacién que no se excluyen
entre si ni introducen ambigliedad respecto a la estructura de la forma protegida. Por
el contrario, permiten confirmar con mayor solidez la identidad del compuesto
reivindicado. En este contexto, el uso del conector “0” resulta técnicamente adecuado
y justificado. Por lo tanto, se solicita respetuosamente que la presente objecidén sea
retirada.

3.3 El examinador objeta la reivindicacion 1 por el uso de la expresidn “...usando una
longitud de...”, ya que puede interpretarse como una reivindicacién de uso, lo
cual no es patentable. Se sugiere suprimir dicha expresién y ajustar la redaccion.

Con el fin de evitar hacer referencia a materia no patentable, el solicitante ha decidido
reemplazar el término “usando” por “con”, de modo que la expresién correspondiente
indique que la difraccién de rayos X en polvo se lleva a cabo con una longitud de onda
de 1.54 A. En este sentido, se solicita amablemente que la presente objecién sea
considerada como superada.

3.4 Las reivindicaciones 1, 2, 4-5 y 7 a 9 utilizan el término “al menos”, el cual se
considera impreciso e insuficiente para delimitar la invencién respecto al estado
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de la técnica. Por ende, el examinador recomienda reemplazarlo por valores o
rangos definidos.

Al respecto, el solicitante respetuosamente manifiesta su desacuerdo, pero con el fin de
contribuir al adecuado avance del tramite, se ha decidido modificar el capitulo
reivindicatorio para eliminar el término “a/ menos”, sustituyéndolo por rangos concretos
en relacién con la cantidad de picos observados en el espectro de RMN en estado sélido
de 13C y en el patréon de difraccién de rayos X en polvo, segun corresponda.

Dichas modificaciones se detallan en la Seccién 1 del presente escrito de modificacién
a las reivindicaciones. En este sentido, se solicita amablemente que la objecion sea
considerada como superada.

3.5 El examinador sefiala que las reivindicaciones 2, 7 y 11 repiten el material ya
definido en la reivindicacidn 1 sin anadir caracteristicas técnicas adicionales,
generando falta de concisién. Se recomienda eliminarlas o redefinirlas con
aportes técnicos concretos.

El solicitante en este sentido manifiesta respetuosamente su desacuerdo, sin embargo,
Unicamente con el propdsito de agilizar el tramite del presente expediente, el solicitante
elimind las reivindicaciones 2, 7 y 11. Por ende es posible considerar superada la
presente objecion.

3.6 El examinador considera que las reivindicaciones 3 a 7, asi como 8 a 10, aunque
estan formuladas correctamente, se consideran redundantes, ya que protegen
esencialmente la misma materia. De ahi que el examinador sugiere consolidarlas
para mejorar la claridad y evitar repeticiones innecesarias.

El solicitante manifiesta respetuosamente su desacuerdo con la objecién del
examinador, toda vez que las reivindicaciones 3 a 7 y 8 a 10 corresponden a
realizaciones preferidas de la invencion. Dichas reivindicaciones especifican picos
particulares dentro del patrén de difraccidon de rayos X en polvo y del espectro de RMN
en estado sélido de 13C, los cuales son coherentes con el rango definido en la
reivindicacion independiente 1.

En consecuencia, estas reivindicaciones no introducen ambigliedad ni redundancia, sino

gue describen caracteristicas estructurales particulares del compuesto objeto de
proteccién, que el solicitante desea reivindicar como parte del alcance estructural
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derivado de la reivindicacién 1, de la cual dependen. Por lo anterior, se solicita
respetuosamente que se retire la objecién formulada.

3.8 El examinador indica que estas reivindicaciones 16 a 20 no estan respaldadas
suficientemente en la descripcion, ya que no se evidencia una composicion que
incluya un excipiente farmacéuticamente aceptable, ni se describen todas las
combinaciones posibles. Recuerda que no basta con mencionar la materia, sino
que debe estar técnicamente descrita. Por ello, sugiere eliminarlas.

Respetuosamente, el solicitante manifiesta su desacuerdo con la objecién formulada por
el examinador. Como se indicé previamente, los ejemplos incluidos en la solicitud tienen
como objetivo ilustrar el desarrollo de la invencidn, sin limitar su alcance. Exigir que
cada caracteristica, compuesto o composicion individual sea evaluado explicitamente
para demostrar que forma parte de la invencidon constituye, a nuestro juicio, una
interpretacion excesivamente restrictiva e inconsistente con el marco normativo
aplicable.

En este sentido, reiteramos que la suficiencia de la descripcion debe evaluarse a la luz
de lo dispuesto en la pagina 124 de la Guia de Examen de Patentabilidad, la cual
establece que:
"Si en la descripcion se omite informacidon que es necesaria para poner en practica
la invencion y que no puede ser suplida por el conocimiento general de la persona
del oficio normalmente versada en la materia, se considerara que la invencion no
esta suficientemente descrita”.

Por lo tanto, la solicitud debe interpretarse desde la perspectiva de una persona con
conocimientos técnicos en el area. En este caso, un experto en polimorfismo y desarrollo
farmacéutico comprenderia sin dificultad como formular una composicion farmacéutica
que contenga el compuesto reivindicado como principio activo, basandose tanto en la
ensefianza incluida en la solicitud como en sus conocimientos generales.

Desde esta Optica, una persona versada en la materia consideraria que la descripcion
brinda soporte suficiente, ya que no se limita a mencionar superficialmente las
composiciones farmacéuticas. Por el contrario, la descripcion ofrece una discusion
detallada en distintas secciones, como el segundo parrafo de la pagina 14, las lineas 24
de la pagina 15 hasta la pagina 16, asi como las realizaciones 13 a 16 en la pagina 20.
Estas secciones evidencian claramente que las composiciones farmacéuticas
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constituyen una modalidad integral de la invencidn y estan respaldadas por el contenido
técnico divulgado.

Adicionalmente, cabe resaltar que segun la Guia de Patentabilidad Colombiana de 2023
(p. 108):
"Si la reivindicacion se refiere a “composicion caracterizada porque contiene X”
(siendo X un principio activo nuevo e inventivo) no necesita mencionar la
presencia de los excipientes.”

Por ende, no requiere especificar los excipientes para considerarse suficientemente
definida. En consecuencia, al haberse reconocido el nivel inventivo del compuesto, la
reivindicacion dirigida a la composicién farmacéutica que lo contiene como ingrediente
activo debe entenderse como suficientemente sustentada, sin necesidad de mayor
especificidad. Una persona con conocimientos en el darea sabria incorporar los
excipientes adecuados con base en la informacion divulgada y su conocimiento técnico.
Por lo anterior, se solicita respetuosamente que se reconsidere la objecion formulada
en relacion con las reivindicaciones 16 a 20.

En vista de lo anterior, las objeciones relacionadas con la claridad, la concision y el
soporte en la descripcion del capitulo reivindicatorio, han quedado completamente

superadas.

4. Descripcion

El examinador indica que la descripcidon no divulga la materia reclamada de manera
suficiente para que una persona normalmente versada en la materia pueda ejecutarla
o reproducirla, por lo que no cumpliria con las disposiciones del Art. 28 de la Decision
Andina 486.

Objeciones del examinador:

El examinador sefala que la descripcidon no presenta evidencia técnica que respalde el
desarrollo de una composicién que combine el compuesto de la reivindicacién 1 con un
excipiente farmacéuticamente aceptable, tal como lo definen las reivindicaciones 16 a
20.

Aclara ademas que no se incluyen ejemplificaciones de dicha composicion en el
documento. Por lo tanto, una persona versada en la materia requeriria realizar una
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cantidad excesiva e injustificada de ensayos de prueba y error para llevar a cabo la
invencion, lo que afecta el cumplimiento del requisito de suficiencia descriptiva.

Argumentos del solicitante:

En este sentido, manifestamos nuestro total desacuerdo con la objecién planteada, ya
gue, como se expuso en la Seccion 2 del presente memorial, la suficiencia del soporte
de la descripcion debe evaluarse desde la perspectiva de una persona con conocimientos
técnicos en el area. En este caso, un experto en polimorfismo y desarrollo farmacéutico
comprenderia sin dificultad como formular una composicién farmacéutica que contenga
el compuesto reivindicado como principio activo, basandose tanto en las ensefianzas
incluidas en la solicitud como en su conocimiento general en el campo, sin requerir
ejemplos explicitos para saber cdmo estructurar adecuadamente una composicion.

Desde esta Optica, una persona versada en la materia consideraria que la descripcion
brinda soporte técnico suficiente, ya que no se limita a mencionar superficialmente las
composiciones farmacéuticas, como ha sido evidenciado en las citas aportadas
previamente en este documento.

Asimismo, el articulo 51 de la Decisién 486 establece que:
"El alcance de la proteccion conferida por la patente estara determinado por el
tenor de las reivindicaciones. La descripcion, los dibujos y, en su caso, el listado
de secuencias o el depdsito de material bioldgico serviran para interpretarias.”

Este fundamento refuerza el argumento de que una persona experta, con base en su
experiencia y en la informacion técnica contenida en la solicitud, incluyendo las
multiples realizaciones descritas, sabria determinar los excipientes adecuados para
formular la composicion reivindicada, incluso si estos no han sido ejemplificados
expresamente. Por lo anterior, se solicita respetuosamente que se reconsidere la
objecion formulada respecto a las reivindicaciones relacionadas con las composiciones
farmacéuticas.

De esta manera, la materia divulgada en la descripcién ahora se relaciona de una
manera mas cercana con la materia definida en el capitulo reivindicatorio. Por lo tanto,
la descripcién proporciona toda la informacién necesaria para llevar a cabo la invencién

y cumple con los requisitos legales establecidos en la Decisién Andina 486.

5. Nivel inventivo
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El examinador ha indicado que las reivindicaciones 1 a 20 carecerian de nivel inventivo
en vista de las ensenanzas del documento D1 (US2018334454A1) y D3
(US2018362529A1).

Con respecto a lo anterior, me permito resaltar las disposiciones del articulo 18 de la
Decisién 486 de la Comisién de la Comunidad Andina, que establecen que “se
considerara que la 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”.

Lo anterior significa que el analisis de nivel inventivo NO es una comparacion de los
objetos de las anterioridades y la solicitud en estudio. Por el contrario, el analisis de
nivel inventivo debe demaostrar la obviedad de la invencidn y establecer como ésta no
contiene un salto cualitativo, que demuestre su altura inventiva, teniendo en cuenta
gue se hace necesario demostrar que la invencién analizada carece de nivel inventivo
y hubiese sido obvia para una persona versada en la materia.

El analisis del examinador

El examinador considera que la invencién definida en la reivindicacién 1 carece de nivel
inventivo frente al documento D1, identificado como el estado de la técnica mas
cercano. D1 divulga el compuesto base (6-fluoro-7-(2-fluoro-6-hidroxifenil)-...),
incluyendo un atropisémero y su correspondiente sal farmacéuticamente aceptable, asi
como su utilidad como inhibidor de KRAS G12C en el tratamiento de diversos tipos de
cancer.

La diferencia entre la invenciéon y D1 radica en que la solicitud actual reivindica una
forma cristalina especifica (Forma I) del compuesto, caracterizada mediante un patron
de difraccion de rayos X en polvo. Sin embargo, el examinador sefiala que no se
presentan ejemplos experimentales ni resultados técnicos concluyentes que
demuestren un efecto técnico inesperado o una mejora funcional derivada de dicha
forma cristalina en comparacién con la forma amorfa conocida.

Adicionalmente, el documento D3 ensefia métodos ampliamente conocidos para obtener
y caracterizar formas sélidas cristalinas de compuestos farmacéuticos, incluyendo
analisis DRXP, TGA, DSC, IR, RMN, SEM, entre otros. D3 también demuestra que
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obtener polimorfos con propiedades deseables, como estabilidad y solubilidad, es parte
del conocimiento general en el campo.

En este contexto, el examinador considera que una persona versada en la materia
tendria una motivacién clara para aplicar los conocimientos sobre polimorfismo
revelados en D3 al compuesto conocido en D1, con una expectativa razonable de éxito
al obtener nuevas formas cristalinas. En ausencia de un efecto técnico distintivo y
sorpresivo, dicha modificacién se considera una solucién obvia.

En cuanto a las reivindicaciones dependientes 2 a 15, el examinador senala que no
aportan caracteristicas adicionales que confieran nivel inventivo al compuesto de la
reivindicacion 1. Estas reivindicaciones se consideran redundantes o derivadas de lo ya
conocido.

Finalmente, la reivindicacién 16, que se refiere a una composicion farmacéutica que
incluye el compuesto y un excipiente farmacéuticamente aceptable, también se
considera obvia. Tanto D1 como D3 divulgan composiciones similares y no se
proporciona en la solicitud evidencia experimental que demuestre un efecto técnico
especifico atribuible a la composicidn reclamada.

Argumentos del solicitante:

El solicitante manifiesta su desacuerdo con la objecién del examinador. En primer lugar,
el solicitante destaca que la identificacion de formas particulares de un compuesto
especifico, como es el caso de la invencion reivindicada, a pesar de lo afirmado por el
examinador, ha sido y sigue siendo un proceso altamente impredecible, como lo

evidencian diversas referencias cientificas (véanse los documentos adjuntos):

e Byrn et al. 1995 sefialan que: "Las sustancias farmacéuticas sdlidas exhiben una
amplia y en gran parte impredecible variedad de propiedades en estado sdlido.”.
e Maddox, en Nature (vol. 335, 1988, p. 201), indica que: "A pesar de ciertos
avances en el campo, sigue siendo en general imposible predecir la estructura de
incluso los sdlidos cristalinos mas simples a partir del conocimiento de su

composicion quimica.”
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e Bernstein, en su libro "Polymorphism in Molecular Crystals”, menciona que:
"Aungue no sorprende que muchos materiales farmacéuticos importantes
presenten polimorfismo, cada compuesto representa una nueva situacion.
Nuestro entendimiento sobre el fendmeno del polimorfismo aun no permite
predecir con confianza si un compuesto sera polimorfico, como obtener nuevos
polimorfos, ni cuales seran sus propiedades.”

e Byrn et al.,, 1994, afirman que "existe muy poca informacion disponible que
permita predecir de forma general la estabilidad de compuestos en estado sdlido,
y menos aun de sus diferentes formas sdlidas o formulaciones.”

e Mas recientemente, Cruz-Cabeza et al. concluyen que, en teoria, se quisiera
mapear computacionalmente el paisaje polimérfico de un compuesto y predecir
sus condiciones de cristalizaciéon. Sin embargo, en la practica, los modelos
computacionales son complejos, las relaciones estructura-propiedad no son
facilmente predecibles, y el disefio racional de procesos de cristalizacion sigue

siendo un reto ingenieril.

Adicionalmente, como lo evidencian Byrn et al., muchos factores afectan la formacion
de formas polimorficas, tales como: composicidén y polaridad del solvente, concentracion
0 sobresaturacion, temperatura (incluyendo el perfil y la tasa de enfriamiento), aditivos,
semillas, pH y agitacion. Por ende, la combinacion de estos factores genera un nimero
practicamente infinito de posibilidades. Por tanto, descubrir la existencia de una forma
cristalina especifica y cdmo obtenerla implica un esfuerzo significativo y enfrentar
obstaculos impredecibles, lo cual no puede considerarse obvio para una persona

normalmente versada en la materia.

El estado de la técnica respalda la idea de que, aunque ciertas técnicas estan
disponibles, no existe guia alguna que permita a la persona versada en la materia
seleccionar condiciones que conduzcan al descubrimiento de una forma polimérfica
especifica, y mucho menos de una adecuada para el desarrollo farmacéutico, como es
el caso de la forma cristalina especifica del atropisémero M del Compuesto 1
reivindicado, y con una expectativa razonable de éxito. Esta conclusion también se ve

respaldada por la informacidon contenida en la descripcion de la solicitud.
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A pesar de esta falta de orientacion en el arte previo, el solicitante disend y ejecutd un
exhaustivo estudio de cribado de polimorfos y sales del compuesto AMG 510 (ver ultimo
parrafo de la pagina 41 de la descripcion). Se identificaron numerosas formas salinas,
anhidras, hidratadas y solvatadas. La solicitud describe especificamente 17 ejemplos
gue resultan en diferentes formas del atropisomero M del compuesto 1. Cabe destacar
gue la mayoria de los intentos condujeron a hidratos o solvatos (ejemplos 5 a 17). Solo
los ejemplos 2 a 4 condujeron a formas anhidras y libres de solvente, y solo una de

ellas —la Forma I— presentd caracteristicas adecuadas para el desarrollo.

Tal como se detalla en la pagina 42 de la solicitud, la Forma I del atropisémero M del
Compuesto 1 presenta propiedades sorprendentes y no previsibles, siendo la forma
polimdrfica mas termodindmicamente estable. También es menos higroscoépica que las
Formas II y III, estable quimica y fisicamente en estado sélido, resistente a condiciones
de estrés durante 14 dias, y compatible con excipientes durante al menos 4 semanas.
Ademas, mostré estabilidad frente a luz UV y visible. AMG 510, también conocido como
sotorasib, fue aprobado en diversos paises, incluyendo EE. UU., como el primer
tratamiento dirigido para cancer de pulmén no microcitico localmente avanzado o

metastasico con mutacion KRAS G12C.

Mas aun, la Forma I, tal como se describe y reclama, no fue obtenida por métodos
rutinarios, como lo afirma erréneamente el examinador. De acuerdo con el ejemplo 2
de la pagina 44 de la solicitud, la Forma I anhidra se obtuvo en un proceso de tres
pasos: (1) conversion del atropisémero M a forma amorfa; (2) conversidon de la forma
amorfa en la Forma II anhidra; y (3) conversion de la Forma II en la Forma I mediante
tratamiento en agua a 90 °C por 2 horas y posterior agitacién. Cada paso requirid

condiciones especificas y no evidentes.

Por tanto, la obtenciéon de la Forma I anhidra y cristalina del compuesto AMG 510 no
fue resultado de procedimientos evidentes o rutinarios, sino de una serie de pasos
complejos y no predecibles, que permitieron descubrir una forma con propiedades
extraordinarias y apta para su desarrollo como un medicamento de primera clase.

En consecuencia, se solicita el reconocimiento del nivel inventivo de la invencidn tal

como esta definida frente a los documentos D1 y D3, y que la objecidn sea retirada.

clarkemodet.com



Carrera 11 No. 86-53, Piso 3

Edificio Segovia
Clarke + 110221 Bogota, Colombia
MOdet T (+57) 1618 10 88

F (+57) 1 635 08 24

Teniendo en cuenta lo anteriormente expuesto, queda claro que las caracteristicas
técnicas de la materia definida en el capitulo reivindicatorio presentado junto al presente
memorial no se derivan de manera obvia o evidente de las ensefianzas de D1 y D2. Por
lo tanto, el objeto reclamado cumple con el requisito de Nivel inventivo establecido en
el Art. 18 de la Decisién 486.

6. Conclusion

Con las modificaciones introducidas y los argumentos presentados puede concluirse
que:

i) El nuevo pliego reivindicatorio se ajusta a las disposiciones del Articulo 34 de la
Decisién 486/00;

ii) La invencién de la presente solicitud es clara y cuenta con el debido sustento en
el capitulo descriptivo, a la vez que se encuentra divulgada de manera
suficientemente completa, cumpliendo asi con los requerimientos de los Articulos
30 y 28 de la Decisidn 486;

iii) La invencién de la presente solicitud no resulta obvia ni se derivada de manera
evidente del estado de la técnica, cumpliendo asi con los requerimientos del
Articulo 18 de la Decisidon 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 de 2000.

Asimismo, respetuosamente solicito a ese Despacho pronunciarse en relacion con todos
los argumentos presentados en este memorial dando estricta aplicacién al principio del
debido proceso consagrado en el articulo 29 de la Constitucién Nacional.

7. Anexos

- Nuevo capitulo reivindicatorio conformado por diecisiete (17) reivindicaciones.
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- Du et al., 19F Solid-state NMR characterization of pharmaceutical solids, Solid
State Nuclear Magnetic Resonance, Vol. 120, 2022, 101796;

- Gil et al., 13C Solid State Nuclear Magnetic Resonance as a Tool for Studying
Polymorphism in Pharmaceuticals, Arch Phar & Pharmacol Res., 2(4): 2019

- Byrn et al., "Pharmaceutical Solids: A Strategic Approach to Regulatory
Considerations", Pharmaceutical Research, 1995, vol. 12, pags. 945-954

- MADDOX, John. Crystals from first principles. Nature, 1988, vol. 335, no 6187,
p. 201-201.

- Bernstein, en su libro "Polymorphism in Molecular Crystals” (2002, Capitulo 7,
p. 241),

- Byrn et al., en otro articulo ("Solid-State Pharmaceutical Chemistry”, Chem.
Mater., 1994, vol. 6, pp. 1148-1158),

- Cruz-Cabeza et al., Commun. Chem. 3, 142 (2020)

- Recibo de pago por concepto de modificaciones a las reivindicaciones y nuevo
examen de patentabilidad.
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REIVINDICACIONES

1. Un compuesto, en donde el compuesto es una forma cristalina del
atropisomero M del 6-fluoro-7-(2-fluoro-6-hidroxifenil)-1-(4-metil-2-(2-
propanil)-3-piridinil)-4-((2S)-2-metil-4-(2-propenoil)-1-piperazinil)pirido[ 2, 3-
d]pirimidin-2(1H)-ona (Forma I del antropisémero M del Compuesto 1), donde
el compuesto esta caracterizado por a) un patrén de difraccion de polvo de rayos
X que comprende tres a dieciocho picos seleccionados de entre 8.8, 9.0, 10.8,
12.0, 12.6, 12.8, 13.6, 14.2, 15.0, 15.4, 18.0, 18.6, 18.7, 19.0, 19.9, 20.0,
22.9, y 25.0 £ 0.2 grados 2 theta segun lo medido por difracciéon de polvo de
rayos X con una longitud de onda de rayos X de 1.54 &; o b) una RMN en estado
sdlido de 13C que comprende tres a treinta y dos picos seleccionados de picos a
12, 13, 16, 21, 23, 31, 33, 38, 42, 44, 47, 50, 54, 107, 110, 111, 123, 124,
127,128, 132, 145, 146, 150, 154, 156, 158, 160, 162, 166, 167.7,y 168 ppm;

o c¢) una RMN en estado sélido de '°F que comprende picos a -109 y -120 ppm.

2. El compuesto de la reivindicacién 1, en donde el compuesto esta
caracterizado por un patrén de difraccién de polvo de rayos X que comprende
picos a 9.0, 12.0, 12.6, y 19.0 = 0.2 grados 2 theta segun lo medido por
difraccién de polvo de rayos X con una longitud de onda de rayos X de 1.54 A.

3. El compuesto de la reivindicacion 1, en donde el compuesto esta
caracterizado por un patron de difraccion de polvo de rayos X que comprende
de cinco a dieciocho picos seleccionados de 8.8, 9.0, 10.8, 12.0, 12.6, 12.8,
13.6, 14.2, 15.0, 15.4, 18.0, 18.6, 18.7, 19.0, 19.9, 20.0, 22.9, y 25.0 £ 0.2
grados 2 theta segun lo medido por difraccion de polvo de rayos X con una

longitud de onda de rayos X de 1.54 A.

4, El compuesto de la reivindicacion 1, en donde el compuesto esta
caracterizado por un patrén de difraccién de polvo de rayos X que comprende
de siete a dieciocho picos seleccionados de 8.8, 9.0, 10.8, 12.0, 12.6, 12.8,
13.6, 14.2, 15.0, 15.4, 18.0, 18.6, 18.7, 19.0, 19.9, 20.0, 22.9, y 25.0 £ 0.2
grados 2 theta segun lo medido por difraccién de polvo de rayos X con una
longitud de onda de rayos X de 1.54 A.

5. El compuesto de la reivindicacion 1, en donde el compuesto esta
caracterizado por un patrén de difraccién de polvo de rayos X que comprende
picos a 8.8, 9.0, 10.8,12.0, 12.6, 12.8, 13.6, 14.2, 15.0, 15.4, 18.0, 18.6, 18.7,
19.0, 19.9, 20.0, 22.9, y 25.0 = 0.2 grados 2 theta segun lo medido por

difraccién de polvo de rayos X con una longitud de onda de rayos X de 1.54 A.



6. El compuesto de la reivindicacién 1, en donde el compuesto esta
caracterizado por una RMN en estado sélido de '3C que comprende de cinco a
treinta y dos picos seleccionados de picos a 12, 13, 16, 21, 23, 31, 33, 38, 42,
44, 47, 50, 54, 107, 110, 111, 123, 124, 127, 128, 132, 145, 146, 150, 154,
156, 158, 160, 162, 166, 167.7, y 168 ppm.

7. El compuesto de la reivindicacién 1, en donde el compuesto esta
caracterizado por una RMN en estado sélido de '3C que comprende de siete a
treinta y dos picos seleccionados de picos a 12, 13, 16, 21, 23, 31, 33, 38, 42,
44, 47, 50, 54, 107, 110, 111, 123, 124, 127, 128, 132, 145, 146, 150, 154,
156, 158, 160, 162, 166, 167.7, y 168 ppm

8. El compuesto de la reivindicacion 1, en donde el compuesto esta
caracterizado por una RMN en estado sélido de !3C que comprende picos a 12,
13, 16, 21, 23, 31, 33, 38, 42, 44, 47, 50, 54, 107, 110, 111, 123, 124, 127,
128, 132, 145, 146, 150, 154, 156, 158, 160, 162, 166, 167.7, y 168 ppm.

9. El compuesto de la reivindicaciéon 1, en donde el compuesto esta
caracterizado por una RMN en estado sélido de 1°F que comprende picos a -49,
-60, -79, -90, -109, -120, -138, -150, -168, y -179 ppm segun lo medido a una

frecuencia de giro de 14 kHz.

10. El compuesto de una cualquiera de las reivindicaciones 1-9, en
donde el compuesto esta caracterizado por un termograma de calorimetria

diferencial de barrido que comprende una endoterma con un inicio de 293 °C.

11. El compuesto de una cualquiera de las reivindicaciones 1-10, en
donde el compuesto estd caracterizado por un termograma de analisis
termogravimétrico que comprende una pérdida de peso del 0.2 % cuando se
calienta de 25 °C a 275 °C.

12. El compuesto de una cualquiera de las reivindicaciones 1-11, en

donde el compuesto es puro.

13. Una composicién farmacéutica que comprende el compuesto de una
cualquiera de las reivindicaciones 1-12 y un excipiente farmacéuticamente

aceptable.

14. La composicion farmacéutica de la reivindicacion 13, donde la

composicién farmacéutica es una forma de dosificacion para administraciéon oral.



15. La composicion farmacéutica de la reivindicacion 14, donde la

forma de dosificacion es una forma de dosificacion solida.

16. La composicién farmacéutica de la reivindicacion 15, donde la

forma de dosificacion es un comprimido.

17. La composicién farmacéutica de wuna cualquiera de las
reivindicaciones 13-16, donde la composicién farmacéutica comprende 120 mg

del compuesto.
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Solid-state NMR has been increasingly recognized as a high-resolution and versatile spectroscopic tool to
characterize drug substances and products. However, the analysis of pharmaceutical materials is often carried
out at natural isotopic abundance and a relatively low drug loading in multi-component systems and therefore
suffers from challenges of low sensitivity. The fact that fluorinated therapeutics are well represented in pipeline
drugs and commercial products offers an excellent opportunity to utilize fluorine as a molecular probe for
pharmaceutical analysis. We aim to review recent advancements of '°F magic angle spinning NMR methods in
modern drug research and development. Applications to polymorph screening at the micromolar level, structural
elucidation, and investigation of molecular interactions at the Angstrém to submicron resolution in drug de-

livery, stability, and quality will be discussed.

1. Introduction

Pharmaceutical formulations are composed of active pharmaceutical
ingredients (APIs) and several functional or inert excipients. Drug
products should have desired efficacy, bioavailability, manufacturabil-
ity, and physical and chemical stability from manufacturing to the end of
shelf life [1-4]. These critical attributes depend significantly on the
physicochemical, mechanical, and biopharmaceutical properties of
pharmaceutical materials. Solid dosage formulations, including tablets,
capsules, and implants, represent the principal choices in drug devel-
opment [5,6]. Compared to other forms, solid dosages possess various
advantages, for example, enhanced stability, ease of administration, and
low cost of manufacturing, packaging, and shipping [1].

Many factors can modulate the physicochemical properties of the
solid dosage drug product, including forms of API, selection of excipi-
ents, and processing strategies [7-9]. Most drugs are formulated as
crystalline or amorphous forms in solid dosages. Currently, up to 90% of
the new drug development candidates exhibit poor aqueous solubility,
classified as class II or class IV compounds in the Biopharmaceutics
Classification System (BCS), as illustrated in Fig. 1 [10,11]. Undesired
inter-conversion between crystalline and amorphous forms, e.g.,
different crystalline polymorphic or amorphous forms, can occur during

* Trends Article for Solid State Nuclear Magnetic Resonance May 18th, 2022.

manufacturing, shipping, and storage [12-15]. Such phase conversions
may result in notable differences in pharmaceutical attributes, including
stability, solubility, and bioavailability. In this regard, mechanisms
responsible for the phase transformation need to be understood further
to provide insight into the processability and storage to ensure drug
product quality. To enhance the aqueous solubility of BCS II and IV
compounds, amorphous solid dispersion (ASD), where amorphous API is
distributed in a polymer matrix, is widely utilized as a formulation
strategy [16-19]. Both API and excipients could experience changes in
property profiles due to the altered structural and dynamic behaviors in
the amorphization process [18,20,21]. For example, compared to neat
amorphous AP, the physical and chemical stability of ASD products is
vastly improved. At the same time, the molecular mobility is signifi-
cantly reduced with the presence of polymeric additives in the disper-
sion. Such changes are often related to the molecular interactions
between API and excipient [19,22]. Therefore, atomic-level mechanistic
understanding of molecular structure and interactions is vital for
excipient selection and formulation design. Overall, in-depth knowledge
of the molecular and physicochemical properties of drug substances and
products can provide rationales for developing a robust and bioavailable
drug product with optimal stability and therapeutic efficacy.

Many techiniques, including solid-state nuclear magnetic resonance
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Fig. 1. A schematic diagram of the Biopharmaceutics Classification System
(BCS). Note that most modern drugs in BCS class II and IV are formulated in
amorphous forms to enhance the aqueous solubility. The structural basis of
amorphous-to-crystalline inter-conversions and physicochemical stability of
amorphous APIs within the polymer matrix remains largely unexplored.

(ssSNMR) spectroscopy, differential scanning calorimetry (DSC), thermog-
ravimetric analysis (TGA), X-ray diffraction (XRD), infrared (IR), and
Raman spectroscopy, and optical and electron microscopies, are available
to characterize solid-state properties of drug substances and products [16,
23-25]. In most cases, a combined toolbox of these techniques is required
to analyze pharmaceutical properties comprehensively [20]. Among these
techniques, ssNMR has evolved into a valuable method in pharmaceutical
analysis in the last three decades throughout the research and development
of a drug from its candidate stage to the final commercialized product and
sometimes even post-commercialization development [26-28]. Firstly,
ssNMR has a long history of providing fingerprint features to distinguish
API polymorphism [28-30]. Furthermore, the inherent quantitative nature
and high sensitivity of ssSNMR enable both the detection and quantification
of API form changes in drug substances and products [31,32]. Secondly, the
relaxation and spin diffusion measurement in ssNMR is a powerful method
to measure the miscibility and homogeneity in solid dispersions at a
nanometer scale [33-35]. Lastly, ssNMR is an advanced technique for
investigating structure and dynamics in stability- and delivery-related
problems. Information regarding molecular packing and interactions can
be readily revealed at the molecular or atomic level [20,26].

Despite the increasing applications of ssNMR in pharmaceutical
sciences, the inherent low sensitivity of NMR and the multiple compo-
nents and relatively low drug loading of natural abundance materials
present a significant challenge. Most pharmaceutical ssNMR analyses
are performed on spin ' nuclei, including 1H, 13C, 15N, 19F, and 3'p. 'H
detection has not yet become a routine practice in material character-
izations, even though fast magic angle spinning (MAS) enables 'H-based
methods. Commonly used 13C and >N methods often require a relatively
long experimental time and cannot be routinely extended to multidi-
mensional experiments for their low sensitivity. In contrast, 19F has
many remarkable advantages. It has a high gyromagnetic ratio (y) and
100% natural abundance (compared to 13¢ at 1.07% and '°N at 0.37%).
The NMR receptivity of '°F is only 1.2-fold weaker than that of 'H and
roughly 4900-fold stronger than '3C’s. Moreover, '°F resonance is also
quite sensitive to the local structural and electronic environment around
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the fluorine nuclei, where the chemical shift range can span more than
300 ppm [36-38]. In addition, the utility of 19F ssNMR in the pharma-
ceutical field has a particular advantage. Fluorine atoms are mostly
absent in the pharmaceutical excipients, allowing spectral collection and
analysis without interference from the excipient [26]. Lastly, the large
share (approximately 25%-30%) of fluorine-containing pharmaceuti-
cals on the market also endows the extensive utilization of 1°F ssNMR in
the pharmaceutical analysis [39,40].

198 ssNMR has been widely utilized in materials and biological sys-
tems studies to probe information on structure, dynamics, folding, and
interactions at an atomic resolution [41-46]. 19 ssNMR in pharma-
ceutical sciences emerged about two decades ago and recently gained
substantial attention [26,47]. In this review, we will first introduce
fluorinated pharmaceuticals. We will then elaborate on 19F ssNMR in
pharmaceutical research and development. These include identifying
and quantifying different API forms and unraveling structural details
such as conformational behavior, molecular interactions, and miscibility
and mobility of API in solid dispersions. Moreover, the characterization
of fluorinated API molecules in various drug delivery systems will be
discussed, followed by how '°F ssNMR is utilized to uncover mecha-
nisms of drug action in lipid membranes. Finally, two state-of-the-art
techniques, fast MAS and dynamic nuclear polarization (DNP), are
highlighted to improve the sensitivity and resolution of °F ssNMR.

2. Fluorinated pharmaceutical compounds

Fluorine plays a critical role in medicinal chemistry and has the largest
electronegativity and oxidation potential. Liu and coworkers have nicely
reviewed the fluorine-containing molecules for various therapeutical areas
in the last two decades [39,40]. The selective substitution of fluorine for
hydrogen or hydroxyl groups can customize the properties of small organic
compounds significantly [39]. Three main advantages are generally gath-
ered when introducing fluorine in the molecular structure concerning drug
design [39,48]. Firstly, as the most electronegative element, fluorine can
alter the physicochemical properties of small molecules readily, resulting in
changes of the acidity and basicity, stereo conformation, pKa, dipole
moment, chemical reactivity, etc. Secondly, the metabolic stability of the
drug candidates can be boosted with fluorine substitution in the structure,
where the C-F bond is more resistant to being attacked than the C-H bond.
Thirdly, the introduction of fluorine can increase the binding affinity of a
drug candidate with target proteins due to its large polarity. These changes
induced via fluorination have driven many advancements in fluorine me-
dicinal chemistry to improve the therapeutic efficacy and pharmacological
properties of small molecule drugs [39,40]. It has been estimated that
fluorinated drugs hold a vast market share, representing almost 25% of
pharmaceuticals containing fluorine atoms or fluoroalkyl groups [39,40].
Moreover, nearly 30% of newly approved drugs (excluding biopharma-
ceutical products) have been fluorinated in recent years [40,49].

We have included 11 representative fluorine-containing drugs
(Fig. 2A-K) that are top-selling on the market and studied by '°F ssNMR.
For example, atorvastatin (Lipitor®), mainly treating high cholesterol
and preventing heart attacks, was the best-selling drug globally in 2008
[39]. Meanwhile, atorvastatin solid formulations have been extensively
analyzed by various solid-state analytical techniques, including °F
ssNMR, for the many known crystalline and amorphous forms [50-52].
These APIs can be classified into different categories based on the site of
fluorination. For example, these substitutions happen at the fluorine
atom (e.g., atorvastatin), trifluoromethyl group (e.g., flutamide
(Eulexin®)), and both the fluorine atom and trifluoromethyl group (e.g.,
aprepitant (EMEND®)). Besides conventional small organic compounds,
Fig. 2L presents an United States Food and Drug Administration
(FDA)-approved fluorine-containing polymer, patiromer (Veltassa®), as
a drug for treating hyperkalemia [53]. In recent years, polymers have
become a novel class of therapeutic compounds [54]. In pharmaceutical
formulations, almost all pharmaceutical excipients lack fluorine atoms.
However, there are some exceptions. For example, several
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Fig. 2. Chemical structures of representative fluorine-containing small organic molecule drugs (A-K), polymers as the drug substance (L), excipients as the gas
propellant in inhaler formulations (M-N), and imaging agent for PET. The API and brand name (labeled with registered trademark ®) of the drug and imaging agent

are shown in the left and right, respectively.

fluorine-containing excipients are used as the gas propellant in the
inhaler for pulmonary diseases [55], as shown by the two examples in
Fig. 2M-N. In recent years, positron emission tomography (PET) has
proven as an invaluable imaging tool to reveal the metabolic or
biochemical function of tissue and organs [56-59]. Depending on the
types of tracers, PET has been primarily utilized in various diseases, such
as cancer, heart disease, brain disorders, etc. [60-62]. Fig. 20 presents
an FDA-approved fluorinated PET imaging agent, florbetapir (Amy-
vid®), to detect amyloid plaques usually formed in Alzheimer’s disease
[63]. Such tracers permit PET to visualize amyloid plaques, largely
aiding the diagnosis of many neurodegenerative diseases for clinicians.
Overall, the successful development of fluorine-containing compounds
provides excellent opportunities for °F ssNMR to characterize solid
drug substances and drug products.

3. Stability analysis of drug substances and products

In drug development, the selection of optimal API may involve many
solid forms, including crystal polymorphs, amorphous, hydrates, solvates,
co-crystals, and salts [64-66]. For example, more than 60 solid forms of
atorvastatin calcium have been patented [64,67]. Different solid forms can
have distinct physicochemical properties, which directly impact the solu-
bility, dissolution rate, stability, and therefore, bioavailability of the final
drug product [64,68-70]. Undesired phase transformations of
crystalline-to-crystalline and crystalline-to-amorphous inter-conversions
can occur under various mechanical, thermal, and chemical stresses during
manufacturing, shipping, and storage [71-73]. Therefore, API form purity
is critical to ensure the stability of drug substances and drug products.
Solid-state analytical techniques that can efficiently evaluate API forms are
appreciated. As a high-resolution and sensitive technique, '°F ssNMR has
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been extensively employed to investigate API phase stability of fluorinated
pharmaceuticals by detecting and quantifying phase changes, which pro-
vides invaluable guidance for formulation design and process development
[26].

3.1. Identification of API polymorphism

Different intermolecular arrangements in the crystal lattice can
substantially differ in physicochemical properties [74,75]. Thus, the
phase conversion of crystalline drug substances to other polymorphs
needs to be avoided. One example is the withdrawal of Ritonavir from
the market due to the formation of a more thermodynamically stable
crystalline polymorph [76,77]. °F ssNMR has been demonstrated as an
orthogonal approach to differentiate various crystalline polymorphs
when the results of other techniques are ambiguous [78]. For example,
Fig. 3A shows a study by Skomski and coworkers in the API phase
assessment of a fluorinated compound, islatravir [78,79]. A new anhy-
drate form IV was readily detected by '°F direct polarization (DP) MAS
ssNMR, where the spectrum of anhydrate form IV is distinct from other
polymorphs. Similarly, Quinn et al. revealed the existence of two poly-
morphs of levofloxacin in two generic formulations by a series of 1D and
2D'°F MAS ssNMR experiments [52]. Moreover, Moseson et al.
demonstrated that °F MAS ssNMR offers high sensitivity in determining
the crystallinity of bicalutamide (BCL) produced by different
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Fig. 3. °F ssNMR investigation of API crystalline and amorphous forms. (A)
19F ssNMR spectra of islatravir reference crystalline forms and a new crystalline
polymorph (i.e., anhydrate form IV) generated from hot melt extrusion under
high shear forces [78]; (B) '°F ssNMR spectra of bicalutamide crystalline form I
of different lots prepared by different recrystallization methods [80]; (C) 19p
ssNMR spectra of crystalline (form I and X) and amorphous atorvastatin cal-
cium [84]; Superimposed 197 ssNMR spectra of crystalline (red traces) and
amorphous (blue traces) of (D) flutamide [81], (E) ezetimibe [81], (F) pos-
aconazole [82], (G) islatravir, (H) LY3009120 [83], and (I) bicalutamide.
Figures were reproduced with permission from Elsevier and the American
Chemical Society.
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recrystallization methods. As shown in Fig. 3B, no alternations of peak
width and chemical shift were observed for BCL in different lots, sug-
gesting a consistent formation of BCL form I by varied recrystallization
processes [80].

19F ssNMR was also extensively employed to identify amorphous and
crystalline forms in fluorinated drug substances and products, apart
from crystalline polymorphs. Fig. 3C-I presents the 1°F ssNMR spectra of
crystalline and amorphous forms of 7 fluorinated APIs [78,81-83]. The
NMR peaks of crystalline and amorphous forms show different peak
widths. The absence of long-range order in the amorphous state results
in a much broader peak, as a characteristic spectral feature, compared to
crystalline counterparts. Such a difference in spectral features allows the
reliable and straightforward determination of API phases. As shown in
Fig. 3C, Brus et al. coupled 1°F MAS ssNMR with chemometric analysis
to quickly identify various crystalline and amorphous forms of ator-
vastatin calcium in both drug substances and low-dose tablet formula-
tions [51]. The proposed method can exploit the subtle difference of }°F
MAS NMR spectra to identify an unknown form of atorvastatin in less
than 1 h. Moreover, the phase conversion of Compound I, a selective M3
neuronal receptor antagonist, in its tablet formulation, has been detec-
ted using 19 ssNMR [47]. The NMR spectrum of the tablet dosed with
2% w/w crystalline form I is similar to that of 50%/50% w/w form
I/amorphous mixture, indicating that a significant amount of crystalline
form I in the tablet was converted to the amorphous form.

3.2. Quantification of crystalline and amorphous contents

NMR is an inherently quantitative technique [26,31,85,86]. Compared
to other analytical methods such as powder XRD (PXRD) and DSC, quan-
tification studies using ssNMR can proceed without needing a standard
curve [87]. In general, most quantitative studies in ssNMR were accom-
plished by '*C ssNMR. However, when the drug loading in the formulation
is notably low, sufficient signal averaging is required to ensure the confi-
dence of quantification, which often results in time-consuming '3C acqui-
sition. Moreover, the signal from pharmaceutical excipients can dominate
the overall 3C spectrum, resulting in peak overlaps [88]. 1°F ssNMR pro-
vides an alternative for the quantitative studies of fluorinated pharma-
ceuticals. Advantages include: (1) '°F has much higher NMR receptivity
than 13C (~4900-fold higher), which enables rapid analysis of
fluorine-containing drugs in a variety of formulations; (2) No signal inter-
ference from pharmaceutical excipients due to the absence of fluorine. So
far, '°F ssNMR quantitative studies include direct integration and
reference-based methods. When NMR peaks are well-resolved, the com-
positions of components in the solid mixture can be obtained by calculating
the relative ratios of integrated peak areas. Peak overlapping is inevitable in
most situations since different solid forms of the same API usually exhibit
similar peak positions. Therefore, peak deconvolution is required in the
first place before extracting information of area integrals and can largely
impact the quantification accuracy and confidence. Peak deconvolution is
not applicable when different components lack substantial spectral features
or the minor component in the mixture is at low concentrations. The
reference-based method is usually utilized to retrieve the compositions in
these situations [81-83]. Briefly, the NMR spectra of reference samples are
first collected. The mixture compositions are obtained via spectral fitting,
where the ratios of reference spectra are adjusted to match the experi-
mental one. Besides, the relaxation filtration method exploits the difference
in longitudinal relaxation time in the laboratory and the rotating frame (T
and T;,) of the components in the mixture [89-91]. The NMR signal of a
specific component in the mixture can be selectively excited while the
signals of other components are filtered. This allows straightforward
detection of the component of interest in the mixture. Moreover, multi-
variate chemometric analysis has also been demonstrated [92,93]. NMR
spectra provide a wealth of information of the sample, and chemometric
models can analyze the differences in the spectral feature to achieve
quantification purposes [94].

It has been convinced that °F ssNMR is a robust technique to



Y. Duand Y. Su

quantify different crystalline API forms. For example, '°F ssNMR was
utilized to evaluate the polymorphic impurity of form III of Casopitant
mesylate in API batches of form I [95]. In addition, it was also employed
to quantify insoluble crystalline API in the semi-liquid and liquid for-
mulations [88]. Farrer et al. demonstrated a linear correlation between
'H-1°F cross polarization (CP) MAS peak area and mass of the analyte in
the slurry suspension. 'H-!°F CP MAS is able to detect and quantify very
low levels (2 mg/g) of crystalline I (Sodium (2R)-7-{3-[2-chloro-4-(2,2,
2-trifluoromethoxy)phenoxy]propoxy }-2-methyl-3,4-dihy-
dro-2H-chromane-2-carboxylate) within the liquid vehicle [88].
Crystalline drug substances may also convert partly or entirely to the
amorphous phase during pharmaceutical manufacturing [82,96,97].
Such an amorphization may present safety concerns for the final drug
products due to the increased aqueous solubility and dissolution rate
[26]. Besides detecting crystalline-to-crystalline conversion, °F ssNMR
has been well recognized for detecting and quantifying
crystalline-to-amorphous conversions. For example, as shown in Fig. 4A,
Huang et al. utilized a reference-based method to study the extent of
amorphization of crystalline posaconazole (POSA) during the compres-
sion processes. A detection limit of 1.7% w/w with a 95% confidence
level was obtained via linear regression analysis. Higher content of
amorphous POSA was seen with increasing axial stress. In combination
with finite element analysis, it was found that apart from hydrostatic
pressure, the shear stress also plays an essential role in the
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Fig. 4. °F ssNMR quantitation of crystalline and amorphous forms in drug
substances and products. (A) 19F DPMAS spectra (left) and calibration curve
(right) for a series of crystalline and amorphous POSA mixtures with known
amorphous weight fractions [82]; (B) Calibration curve correlating ssNMR re-
sults of fractions of crystalline flutamide with the actual weight fractions in the
physical mixtures (left); Experimental, simulated, and deconvoluted '°F DPMAS
spectra of flutamide ASDs at different days of accelerated storage conditions
(right) [811; (O) 1H-1F CPMAS spectra of 0.04% w/w crystalline MK-P spiked
ASD sample in the presence and absence of Ty, filtration (left) and the cali-
bration curve of 'H-'°F Ty,-filtered quantification method (right) [109];
Figures were reproduced with permission from Elsevier and the American
Chemical Society.
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amorphization. Moreover, drug loading and excipients also significantly
affect the phase conversion. The addition of excipients significantly
amplified the amorphization compared to neat POSA. An 11.1% and
5.9% w/w increase of amorphization was observed using microcrystal-
line cellulose and dibasic calcium phosphate anhydrous as excipients,
respectively. The discrepancy between the two excipients was attributed
to the local interparticulate stress resulting from the different inter-
particulate friction and particle sizes [82]. Similarly, Petzoldt et al.
demonstrated an example of how to quantify the fraction of amorphous
API (SAR114137) in early pharmaceutical development. Different levels
of amorphization were observed in tablets with different tableting
forces, humidity, and polymer excipients [98]. The quantification of
amorphization was conducted by several solid-state analytical tech-
niques, including DSC, PXRD, and 19F ssNMR and the latter was
considered the most sensitive method. 1°F ssNMR was found able to
quantify 0.5% w/w amorphous API in the tablet.

In the past two decades, ASD has become a popular formulation strat-
egy for pharmaceutical compounds that are poorly water-soluble [17,99,
100]. The amorphous form possesses a disordered structure and excessive
Gibbs free energy than its crystalline counterparts, resulting in low physical
stability [18,96,101]. The amorphous form tends to transform to a ther-
modynamically stable crystalline form, which can diminish the advantage
of solubility and bioavailability enhancement. °F ssNMR has been
demonstrated as an excellent technique to evaluate the stability of ASD
formulations in stability testing at various conditions, e.g., light, tempera-
ture, and humidity. As shown in Fig. 4B, Taylor and coworkers applied °F
DPMAS ssNMR to quantify <1% w/w crystalline flutamide in spray-dried
ASDs. The reference-based method was exploited to extract the fractions of
crystalline form, where 1%, 3.8%, and 4.6% recrystallization of amorphous
flutamide were determined on 35, 39, and 48 days of storage at 75%
relative humidity (RH) and 40 °C [81]. In a study evaluating the crystal-
linity of LY3009120, an Eli Lilly investigational drug, in the ASD formu-
lation, '°F ssNMR successfully distinguished 0.9%, 1.0%, and 1.2%
crystallinity for sample 59-4 at time zero (Ty) and 4 months after the
storage conditions of 25 °C/60% RH and 25 °C/75% RH, respectively [83].
Besides the reference-based method, multivariate chemometric analysis of
19F ssNMR spectra was also performed to quantify crystallinity in ASDs [51,
84]. For example, Brus et al. reported that 1% w/w of the crystalline form
of atorvastatin can be accurately determined in the matrix of amorphous
atorvastatin. Conversely, the limit of quantification for the amorphous form
in the crystalline atorvastatin is only roughly 5%-10% due to the broad-
ened linewidth of amorphous atorvastatin [51]. Crystalline and amorphous
API usually possess sufficiently different T; and Ty, values due to the dif-
ference in molecular mobility [102-108]. This allows applying
relaxation-filtered experiments to detect and quantify form conversion in
ASDs. In a study by Liu et al., the delay time in the inversion recovery
experiments was purposely set when the crystalline signal vanishes to zero.
However, at such a delay time, the amorphous signal already has a certain
degree of magnetization build-up due to its fast relaxation rate. In such a
scenario, the NMR signal of inversion recovery experiments is purely from
the amorphous, and the crystallinity of the tablets can be simply calculated
by direct peak integration [91]. Moreover, Asada et al. developed a
relaxation-filtered method to quantify the crystalline content (form I) of
atorvastatin calcium in the tablet where amorphous is the predominant
form. By applying selective excitation, only the target component in the
mixture (either amorphous or crystalline atorvastatin) can be detected. The
level of crystalline that can be quantified in the study was shown as low as
0.5% w/w [90]. Fig. 4C presents a recent study by Su and coworkers, in
which they have compared various methods of 1°F ssNMR to quantify the
crystallinity of MK-P in ASD [109]. °F DPMAS and CPMAS can reliably
quantify 0.1% w/w crystalline. Compared to DSC and PXRD, °F ssNMR
demonstrated significant improvements in accuracy and precision. It is
worth noting that in most ASDs, crystalline content can potentially be less
than 0.1% w/w. The quantification of such low levels of crystalline remains
challenging for most techniques due to the limitation of sensitivity. In the
study, to further explore the boundary of quantification, a Ty,-filtered
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'H-1F CPMAS experiment was performed. As shown in Fig. 4C, an
extreme low, i.e., 0.04% w/w, crystalline MK-P can be plausibly quantified.
This represents the lowest micromolar level quantification that has been
achieved so far in the solid-state analysis of pharmaceutical materials.

Besides quantification of API forms, °F ssNMR was also utilized to
determine impurity content in pharmaceutical formulations. For
example, when other techniques such as high-performance liquid
chromatography (HPLC), IR and Raman spectroscopy cannot give
conclusive evidence of the contamination of polytetrafluoroethylene
(PTFE) in a fluorinated API, Pham et al. successfully quantified the
contamination level of PTFE as low as 0.02% w/w by 19F ssNMR [110].
In another study by Stueber and Jehle, time-domain (TD) benchtop NMR
and quantitate 19F T, saturation recovery curves (QSRC) were utilized to
determine the compositions of a two-component blend system. The
qSRC method uses the weighted SRCs of the pure components to fit the
SRCs for the mixture, where the weighting coefficients represent the
compositions of each component. One of the inherent requirements of
the qSRC method is that the T relaxation times of pure ingredients are
substantially different for the separation. In the study, the authors per-
formed '°F Ty qSRC in two model systems: 2-trifluoromethyl cinnamic
acid/6-trifluoromethyl uracil (2TFMCA/6TFMU), and 2-trifluoromethyl
cinnamic acid/fluoxetine HCl (2TFMCA/FXT), where the T; relaxation
times of the pure components differ significantly and by only 12%,
respectively. The method predicted the blend compositions within 0.5%
to the prepared mass percentages. For 2TFMCA/FXT blends with only a
12% difference in T, relaxation times, a high correlation coefficient of
R? = 0.9999 was also obtained at the expense of long signal averaging.
The method can potentially be extended to quantify the compositions of
API polymorphs as long as the pure polymorphs have substantially
different T; relaxation times [111].

4. Molecular structural investigations

Molecular understanding of drug substances can uncover mecha-
nisms related to the physicochemical properties and stability of drugs.
Traditionally, single crystal XRD (SCXRD) is the prevailing method in
determining the atomic and molecular structure of crystals [112,113].
However, when the single crystal diffraction data is unavailable, the
structure elucidation must be performed in an alternate route. ssNMR is
a high-resolution technique able to probe a wealth of structural infor-
mation, including the number of crystallographically inequivalent po-
sitions in the unit cell, molecular packing, direct measurement of
through-space distances on the atomic scale, etc. Moreover, the sensi-
tivity offered by ssNMR to the local environment of the nuclear spins can
also provide profound details of molecular dynamics, local order, and
molecular interactions [20,86,114,115]. In recent years, NMR crystal-
lography, which utilizes the data from ssNMR primarily and other
supplementary techniques such as density functional theory (DFT) and
powder diffraction, has gained popularity as an alternative to elucidate
the structure of solid materials [114,116,117]. It has been demonstrated
to solve the structure of several small-molecule APIs in the last two
decades [118-122]. For example, Emsley and coworkers present a
protocol using 'H ssNMR in combination with crystal structure predic-
tion and DFT chemical shift calculations to determine an unknown
crystal structure of an investigational drug [121]. Similarly, such inte-
grated methods were also utilized by Luedeker et al. to investigate the
structure of cocrystal formation of niclosamide with different co-formers
[122].

Accurate internuclear distances are essential for structure elucida-
tion in NMR crystallography. ssNMR is well-known and capable of
measuring the internuclear distance between two spatially close nuclei
via dipole-dipole couplings. The dipolar coupling strength is inversely
proportional to the cubic of the internuclear distance. Such a relation-
ship provides a direct way for distance measurement in ssNMR-based
structure determination. It has been demonstrated that ssNMR can
measure interatomic distances from angstroms to nanometers [123,
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124]. MAS can reduce or remove the homo- and hetero-nuclear dipolar
coupling. Therefore, to retrieve information on dipolar coupling in MAS
experiments, several ssNMR dipolar recoupling methods have been
designed and developed to probe the distance constraints in the organic
compounds, peptides, and proteins [123,125-127].

Among these methods, radiofrequency-driven dipolar recoupling
(RFDR) applies a single © pulse per rotor cycle for recoupling homonu-
clear dipolar coupling [128-130]. To quantify heteronuclear distances,
rotational-echo double-resonance (REDOR) is routinely employed using
rotor-synchronized n pulses to recover the heteronuclear dipolar in-
teractions [131,132]. For these two sequences, numerical simulations
are performed to fit RFDR buildup curves and REDOR dephasing curves
to extract homonuclear and heteronuclear distances, respectively. The
nuclear-spin dipole-dipole coupling is proportional to y;ys, where y; and
ys are the gyromagnetic ratio of spin I and S. Therefore, for spin-1/2
nuclei with low y values such as 3¢, 15N, and 3'P, the dipolar in-
teractions are relatively weak if the internuclear nuclear distance r, is
kept the same. In other words, the range of the distance that can be
measured by ssNMR-based dipolar recoupling experiments is relatively
limited for spin-1/2 nuclei with low y because of the reduced dipolar
interaction. In this regard, 1°F is a nucleus that can increase the distance
reach of ssNMR. '°F has a 3.7-fold higher y than '3C, thus can lead to
strong dipolar interactions and permitting the measurement of longer
distances. For example, McDermott and coworkers have demonstrated
the interatomic fluorine distance measurement up to 12 A by RFDR in
fluorinated organic compounds with a precision of 1 A and 2 A for short-
and long-range distances, respectively [133]. Moreover, Roos et al.
utilized '°F spin-exchange NMR to measure the interatomic fluorine
distance up to 16 A, which provides valuable information on distance
constraints in studying the structure of pharmaceutical and biological
compounds [134]. In contrast, the maximum 13¢_13¢ distance that
RFDR can measure is only roughly 7 A [135]. Besides RFDR, many
studies have also utilized REDOR experiments to obtain distance re-
straints between fluorine and other nuclei. Most recently, Hong and
colleagues used the >*C-'°F REDOR method to measure intermolecular
13C_19F distances of a mixture of 1*C- and 1°F-labeled envelope protein E
of the SARS-CoV-2 virus. A total of 35 interhelical 1*C-'°F distances was
obtained, which provides substantial distance restraints for the structure
elucidation of the envelope protein E [136].

4.1. Investigation of asymmetric unit and resonance assignment

Many reports have demonstrated 1°F ssNMR as a sensitive and high-
resolution technique to probe the structural details of fluorine-
containing pharmaceuticals [26,28,85]. 19F ssNMR can investigate the
number of API molecules in the asymmetric unit and facilitate resonance
assignments for different nuclei. As shown in Fig. 5A, Vogt et al.
demonstrated the spectral assignments for form I of ronacaleret HCI by
2D ssNMR and DFT calculations of chemical shielding. '°F-'°F
cross-polarization dipolar-assisted rotational resonance (CP-DARR) and
'H-1°F-13C  double cross-polarization heteronuclear correlation
(DCP-HETCOR) were utilized to assign the fluorine and carbon reso-
nances [137]. Fig. 5B presents the study by Wang and coworkers, who
applied 13C, 1°F, and '°N ssNMR to probe the crystal structure of form I
of atorvastatin calcium [50]. The doubling of resonances for several
carbon sites, fluorine sites, and the amide nitrogen site indicates two
atorvastatin molecules in the asymmetric unit. Such an observation was
further supported by the °F-'3C HETCOR spectrum, where two sets of
198_13C correlations were detected for fluorine and several carbon sites
of atorvastatin calcium. Fig. 5C presents the study by Guo et al., where
the crystal structure of a fluorinated pharmaceutical compound, mef-
loquine, was investigated by °F MAS NMR in combination with DFT
calculations [36]. The fluorines in CF3 groups are usually of high rota-
tional mobility, and thus a single resonance is often expected in the 1D
198 spectrum. However, utilizing the 1D !°F delays alternating with
nutation for tailored excitation (DANTE) pulse sequence, two CF3 groups
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Fig. 5. '°F NMR investigation of crystallographically
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in mefloquine showed multiple resolved '°F resonances. This provided
strong evidence of inequivalent fluorine positions in the CF3 group and
the presence of three mefloquine molecules in the unit cell. To further
measure the intra- and inter-molecular interatomic distances, the '°F
RFDR experiments were applied. A total of 8 different 1°F-!°F distances
were obtained, and RFDR-measured distances are in close agreement
with the data from the crystal structure of mefloquine.

4.2. Investigation of molecular interactions

Investigating molecular interactions can probe the molecular pack-
ing of drug substances and drug-drug and drug-polymer contacts in
ASDs. These investigations can provide insights for rational selection of
pharmaceutical excipients in formulation development [138-140].
Various analytical techniques, including vibrational spectroscopy,
high-energy X-ray diffraction, and pair distribution function analysis,
have been employed to study drug-drug and drug-polymer interactions
[141-145]. However, none of these techniques can provide atomic-level
details of molecular interactions. In contrast, ssNMR has many ap-
proaches to probing molecular and even atomic interactions. The
chemical shift can be sensitive to the local structural changes due to
molecular interactions [146,147]. If significant alternation of chemical
shift in the 1D spectrum was observed, it provides strong evidence for
molecular interaction. For example, in an investigation of efavirenz in a
series of pharmaceutical cocrystals, the '°F ssNMR chemical shift of the
efavirenz trifluoromethyl group exhibited changes up to 3.6 ppm, which
may indicate strong interactions between coformers as a result of the
formation of cocrystals [148]. For scenarios where the interactions are
too weak to induce chemical shift change or such detection is prohibited
by significant peak overlap, 2D homonuclear and heteronuclear corre-
lation experiments can be utilized to provide information of interaction,
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where the presence of a cross peak in the 2D spectrum is indicative of
proximity. Furthermore, as discussed previously, ssNMR methods that
measure the interatomic distances further offer a rigorous way to reflect
molecular interactions by determining the spatial proximity. This sec-
tion provides several examples of '°F ssNMR as a high-resolution
approach to probe atomic-level drug-drug and drug-polymer
interactions.

4.2.1. Drug-drug interaction

The understanding of API-API interactions can elucidate the molec-
ular packing details of API and uncover the molecular mechanism of
phase conversions [149-151]. Su and coworkers have comprehensively
studied the drug-drug molecular interactions using POSA as a model
compound. Fig. 6A presents the results of *°F-'°F homonuclear corre-
lation and '°F-'H HETCOR experiments in crystalline and amorphous
POSA. The para (F1) and ortho (F2) fluorine atoms in the POSA aromatic
ring showed correlations with the aliphatic protons in crystalline and
amorphous POSA at a long mixing time. These intermolecular in-
teractions unravel the “head-to-tail” molecular packing between POSA
molecules in both API forms [149]. Fig. 6B presents 13¢_19g HETCOR
and '°F-'3C CPMAS experiments with short and long mixing times in
crystalline and amorphous POSA. In the '°F-'3C CPMAS spectra of
crystalline POSA, the appearance of C23 and C49-51 peaks directly
proves the close spatial proximity to the POSA fluorines, elucidating the
“head-to-head” and “head-to-tail” molecular packing in the crystalline
POSA. In contrast, no detectable C23 peak was observed in amorphous
with long contact time. This suggests the absence of “head-to-head”
packing in the amorphous form of POSA [149].

ssNMR can quantify the strength of molecular interactions from
qualitative or quantitative distance measurements. CPMAS has been
demonstrated as a semiquantitative method to probe the interatomic
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Fig. 6. Investigation of drug-drug interactions in
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distances in crystalline POSA [152]. Figures are
reproduced with permission from the American
Chemical Society.
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distances by observing the rate of CP build-up curves. The fast CP build-
up rate represents strong dipolar coupling induced by the relatively
short distance. For example, Fig. 6C presents a study by Lu et al. The
19p_13C CPMAS experiment with variable CP contact times was used to
investigate the proximity of fluorines and carbons in crystalline POSA.
The interatomic distances of F1-C17, F1/2—C16, and F2-C5 obtained
from the CP build-up curve followed the same order as the distance
measurements from the crystallography structure [152]. Apart from
semiquantitative measurements, REDOR experiments, as discussed in
the previous session, are a more rigorous approach to analyzing the
distances between heteronuclear spins. Fig. 6D presents the quantitative
distance measurement in crystalline POSA using '>C-!°F REDOR. The
derived intramolecular (C5-F2 and C16-F) and intermolecular (C23-F1
and C49/51—F1) distances of carbons and fluorines are in remarkable
agreement with the results from crystallography data. The REDOR re-
sults also implied the existence of “head-to-head” and ‘“head-to-tail”
molecular packing in crystalline POSA [152].

Besides POSA, '°F ssNMR was also employed to elucidate the atomic
connectivities in many other fluorinated APIs. As shown in Fig. 7A, Guo
et al. carried out 2D '°F-!'3C HETCOR experiments with different CP
contact times to distinguish short- and long-range °F-!3C correlations
in mefloquine [36]. The fluorine correlations with carbons in meflo-
quine separated within three bonds, and above three bonds were
detected at CP contact times of 1 and 7 ms, respectively. Moreover, the
19p_13¢ correlations involving fluorine and the piperidine ring carbons
such as C12 and C15-17 require a contact time of 9 ms or longer. Besides
intramolecular correlations, the intermolecular °F-13C distances <6 A
between mefloquine molecules were also uncovered. Overall, the
19p_13C HETCOR experiments can detect intra- and intermolecular dis-
tances of as long as 6.8 A, and these distances are consistent with the
crystal structure of mefloquine.

In another study, Quinn et al. performed a series of 1D and 2D ex-
periments to elucidate the molecular structure of levofloxacin in the two
formulations manufactured by two different manufacturers [52]. Two
sets of fluorine resonances (peak I-II and III-IV) suggest the presence of
two crystalline polymorphs of levofloxacin in these formulations. 1D 1°F
DANTE-RFDR experiments revealed the °F-1°F distances between the

s 2
Recoupling time (ms)

1 2 3

two crystalline polymorphs. As shown by the RFDR magnetization ex-
change curves in Fig. 7B, distinct *°F-!°F distances were observed. The
simulated distances for the deshielded (I and II) and shielded (III and IV)
fluorine were 2.9 and 10 10\, respectively. In addition, 2D TH-°F and
'H-13C-'°F HETCOR experiments were further performed and different
'H-1°F and '3C-'°F intermolecular interactions were observed in the
two crystalline polymorphs of levofloxacin.

4.2.2. Drug-polymer interactions

In ASD, API is dispersed in the polymer matrix at a molecular level,
where the previous crystal lattice is disrupted along with the formation
of a metastable amorphous state [18,154,155]. The polymer plays a
crucial role in stabilizing the ASD products by preventing amorphous
API recrystallization and minimizing the mobility of API molecules
[156]. It has been well reported that drug-polymer interaction is
important to stabilize the ASD products and improve their oral
bioavailability [140,146,152,157-163]. In this regard, the investigation
of API-polymer interactions is essential to provide valuable insights into
the rational design of ASD formulations. °F ssNMR has been primarily
demonstrated in probing various atomic-level interactions between drug
and polymer, such as hydrogen bonding, n-n interaction, etc. [26,146,
152,164].

For example, in Fig. 8A, Abraham and Crull applied 19p_13C HETCOR
experiments to measure the carbon-fluorine distances between crystal-
line API, avagacestat, and polymer, hydroxypropyl methylcellulose-
acetate succinate (HPMCAS) [164]. The correlation between carbonyl
groups of the polymer HPMCAS and CF3 group of API avagacestat sug-
gests that the polymer may form a hydrogen bond with the NH; group of
avagacestat, where the NHj is spatially close to the CF3 group. Similarly,
Lu et al. utilized '°F-'3C CPMAS and 'H-'°F HETCOR experiments to
study the drug-polymer interactions in 30 wt% drug-loaded POS-
A-HPMCAS ASD [146]. As shown in Fig. 8B, the peak of the carbon
neighbored to a hydroxyl group (Con) in HPMCAS showed up in ASD at a
long mixing time, which indicates the intermolecular contacts between
POSA fluorine and HPMAS Coy. Moreover, by comparing 'H-1°F HET-
COR spectra of amorphous POSA, HPMCAS, and POSA-HPMCAS
dispersion, the appearance of the proton peak at ~4 ppm in ASD
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Fig. 7. Investigation of drug-drug interactions in mefloquine and levofloxacin
using '°F ssNMR. (A) '°F-'3C HETCOR spectra of mefloquine acquired with
various CP contact times with '°F decoupling; Short- and long-range intra- and
inter-molecular °F-'3C distances in the mefloquine crystal structure [36]; (B)
Experimental and simulated '°F DANTE-RFDR exchange curves for fluorine
pairs I-II (left) and III-IV(right) in levofloxacin; X-ray structure of levofloxacin,
depicting short-range '°F-!°F interactions as observed in '°F DANTE-RFDR
spectra [52,153]; Figures reproduced with the permission from the American
Chemical Society.

further suggested the interaction between POSA difluorophenyl group
and polymer hydroxyl groups. This 'H-'°F correlation provided direct
evidence of the formation of hydrogen bond O-H --- F-C between POSA
and HPMCAS. In the same study, '°F-'>C REDOR experiments were also
performed to quantitatively measure the distances between the fluorines
in POSA and Cpoy in HPMCAS [152]. Two F-F-C configurations,
straight-line and triangle, were proposed, and the simulations of the
REDOR dephasing curve suggest the internuclear 13C-!°F distances are
4.3 + 0.2 A and 4.5 + 0.4 A, respectively. Fig. 8C presents the two
scenarios of the formation of hydrogen bonds in POSA-HPMCAS
dispersion based on the *C-!°F distance constraints. In the first sce-
nario, the formation of hydrogen bond O-H --- F-C directly involves the
fluorine from POSA. In contrast, in the second scenario, the hydrogen
bond is formed between O—H --- Ph (phenyl group of POSA, x acceptor).
Utilizing mathematical geometric calculations, the range of the dis-
tances of H --- F and H--- M (center of the phenyl group) in the two
scenarios were derived respectively for the two F-F-C configurations.

4.3. Molecular miscibility and mobility of API in solid dispersions

In ASDs, the amorphous drug substances often undergo undesired
amorphous-amorphous phase separation (AAPS), eventually recrystalliza-
tion [165,166]. Therefore, AAPS promotes drug- and polymer-rich phases
and an inhomogeneous and unstable formulation system. Such phase sep-
aration has a significant impact on the long-term stability of ASDs [165,
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167]. Thus, the evaluation of mixing behaviors of API and polymer in ASD
is of vital importance for understanding and predicting formulation sta-
bility [168,169]. DSC is commonly employed to qualitatively determine
the miscibility of ASD formulations with the criteria that a single
glass-transition temperature (Tg) in a DSC thermogram indicates good
miscibility [170]. However, recently many reports have demonstrated that
the presence of a single T, can also occur in the phase-separated system
[171-173]. In addition, DSC cannot characterize the phase separation on
length scales smaller than 30 nm [35,174].

In contrast, ssNMR has been demonstrated as a high-resolution
technique for evaluating the drug-polymer homogeneity at domain
sizes of several to hundreds of nanometers [175-178]. Heteronuclear
detected 'H Ty and T1, experiments are often utilized, where a single
homogeneous 'H T; and T1p usually suggests good miscibility with
domain sizes of 20-100 and 1-20 nm, respectively [26,35,179]. Such H
spin diffusion NMR technique was initially introduced by Schmidt-Rhor
and coworkers to evaluate the domain sizes in the mixing of heteroge-
neous polymers [180,181]. Later, the method was adopted by Aso et al.
to assess the molecular mobility of amorphous drugs and, subsequently
the miscibility of nifedipine and hydrophilic polymers [182,183]. The
last two decades have witnessed the extensive utilization of 'H
spin-lattice relaxation measurement to determine the API-polymer
miscibility [35,105,106,178,184,185]. For example, Schmidt-Rohr, Su,
and coworkers have further pushed the boundary to establish a 'H spin
diffusion method to quantify the miscibility and homogeneity of API and
polymer excipient at sub-100 nm scale [35]. Most recently, the relaxa-
tion method was further extended to study the miscibility of protein and
excipient in solid biologics [179,186,187]. It is worth noting that most
heteronuclear detected H relaxation measurements are carried out by
13C detection. This is mainly due to the ubiquitous presence of 13C in all
components in the drug formulations so that the Ty or Ty, values for API
and excipients can be obtained at the same time.

However, when the drug loadings in ASDs are at considerably low
levels, the '3C detected experiments could not confidently measure the
Ty or Ty, values. In such cases, multinuclear detected H relaxation time
analysis can be employed to assess the miscibility. For example, the '°F
detected 'H relaxation analysis could be conducted for fluorinated APIs,
while the analysis of pharmaceutical excipient can be accomplished by
13C detection. If statistically similar 'H relaxation values were obtained
for multinuclear detection, this also provides strong evidence of good
miscibility of the heterogeneous system. For example, Pham et al. re-
ported the miscibility study of a ternary dispersion containing amor-
phous API voriconazole, polymer polyvinylpyrrolidone K-30 (PVP K30),
and surfactant sodium lauryl sulfate (SLS) [105]. The 196 and
13C.detected 'H T; experiments were utilized to probe the 'H T; values
of fluorinated API voriconazole and polymer PVP K30, respectively. The
same 'H T; values from two experiments indicate good miscibility be-
tween voriconazole and PVP K30. However, in the same study, a devi-
ated 'H T, value obtained from 2>Na detection suggests the possible
phase separation of surfactant SLS from voriconazole and PVP K30. Such
relaxation measurements were further extended to study the miscibility
and homogeneity of other multi-component systems, such as
drug-cyclodextrin complexes and drug-silica materials composite. For
example, Vogt and Strohmeier performed the miscibility analysis of a
fluorinated API, diflunisal, confined in the p-cyclodextrin [188].
Because of the weak °C NMR intensity of diflunisal, the 'H T; mea-
surements of diflunisal were carried out with 1°F detection. Only 2 h of
acquisition is required for °F-detected 'H T; measurement for diflu-
nisal, while 22 h is needed for 13¢ detection of B-cyclodextrin [188].
Statistically different 'H T values were observed for diflunisal and
B-cyclodextrin, indicating a certain degree of heterogeneity in such a
drug delivery system. Furthermore, the '°F-detected relaxation mea-
surements were applied to examine the miscibility of ezetimibe confined
in mesoporous silica materials. The '°F- and 2°Si-detected 'H T exper-
iments were able to probe the miscibility of amorphous ezetimibe and
two mesoporous silica materials, SY350 and SY740 [189]. Similar 19g.
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Fig. 8. Investigation of drug-polymer interactions
using '°F ssNMR. (A) 2D °F-13C HETCOR spectrum
of the avagacestat-HPMCAS dispersions with CP
contact time of 2 ms [164]; (B) 1D 19p_13c cp spectra
of amorphous POSA, HPMCAS, and 30 wt%
POSA-HPMCAS dispersion, revealing the intermolec-
ular interaction between POSA and HPMCAS [146];
2D 'H-'°F HETCOR spectra and 1D 1H cross-sections
of crystalline POSA, amorphous POSA, and
POSA-HPMCAS dispersion, elucidating the formation
of hydrogen bond between POSA fluorine and the
hydroxyl group of HPMCAS [152]; (C) Two hypo-
thetical hydrogen bonding complexes formed be-
tween POSA and HPMCAS, including the interaction

between the polymer O-H group as an acceptor and

HPMCAS

POSA fluorine (left) or difluorophenyl ring (right) as a
donor [152]. Figures are reproduced with permission
from the American Chemical Society.
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and 2°Si-detected 'H T; values were obtained in ezetimibe-SY350
composite, indicating no phase separation in this drug-silica disper-
sion. In contrast, different 'H T; values were observed in the
ezetimibe-SY740 dispersion, which was tentatively attributed to the
large silica surface area and stronger hydrogen bonding in the
dispersion.

The stability enhancement of ASDs is partially due to the restriction of
drug mobility in the polymer matrices [106,190,191]. '°F ssNMR was re-
ported able to probe the mobility of APIs in ASDs. For instance, Aso et al.
measured '°F T, values of flufenamic acid (FLF) in solid dispersions with
two different polymer excipients, hydroxypropyl methylcellulose (HPMC)
and PVP [192]. The correlation time, 7, derived from T; or Ty, can
represent the degree of rotational molecular mobility. It was found that the
7 of FLF for solid dispersion containing 20% PVP was 2-3 times longer than
that with 20% HPMC at 50 °C, indicating lower molecular mobility in the
FLF-PVP dispersion. Monitoring the initial state of the drug when exposed
to the aqueous environment can provide a mechanistic understanding of
drug disintegration and dissolution. Dahlberg et al. demonstrated an in situ
characterization of flutamide ASD tablets during disintegration and disso-
lution using a combination of localized NMR spectroscopic and NMR im-
aging techniques [193]. 19F NMR relaxation was sensitive to the state and
molecular mobility of flutamide in ASD. The '°F T; of flutamide in ASD
after the immediate mixing with water was only half of that for dry flu-
tamide (crystalline form). This indicates that the initial state of the drug in
ASD is either in the form of amorphous grains or is molecularly distributed
in the polymer matrix, where the mobility of flutamide is significantly
higher than in the bulk crystals. During the time of a few hours of mixing in
a liquid environment, the T; of flutamide gradually increases and reaches

300

10

360

the same level as the bulk flutamide crystal, suggesting the recrystallization
of flutamide along with the decrease of molecular mobility. By combining
results from '°F T; measurement and calculations of transverse relaxation
rate, the author speculated that the initial state of flutamide is small (3-4
nm) amorphous grains distributed homogeneously in the matrix upon the
hydration. °F relaxation was also attempted to study the mobility of
fluorinated drug molecules confined in porous materials. For example,
Vogt et al. measured 19g T; and Ty, relaxation times of ezetimibe to analyze
its mobility difference in SY350 and SY740 silica materials [189]. The
shorter Ty, time for ezetimibe in SY350 suggested a higher degree of
mobility in the silica materials with larger pore sizes. Such assessment of
local mobility by 1°F relaxation measurements provides mechanistic in-
sights into stabilizing pharmaceutical amorphous materials imparted by
either polymeric excipients or mesoporous silica nanoparticles. Besides
relaxation measurements, 198 chemical shift anisotropy (CSA) has also been
utilized to reflect the molecular dynamics of functional groups in phar-
maceutical compounds [149]. For example, Lu et al. compared the 1°F CSA
between crystalline and amorphous POSA [149]. The para-fluorine (F1) of
POSA in both forms showed smaller absolute CSA than ortho-fluorine (F2),
indicating relatively high mobility of F1 because the motion of F1 is less
restricted by other chemical groups. Moreover, their results suggest the
CSA of the disordered amorphous form has a slightly smaller CSA than
crystalline POSA. This interesting finding from CSA measurement is
correlated to the difference of local molecular packing of crystalline and
amorphous forms. The absence of a “head-to-head” packing pattern in
amorphous POSA likely results in an increase of molecular mobility and
thus smaller CSA values.
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5. Characterization of drug delivery systems

The design of site-specific and stimuli-responsive drug delivery sys-
tems (DDSs) has attracted immense interest in recent years [194-196].
DDSs possess many advantages, such as targeted delivery, precisely
controlled drug release, improved drug efficacy, and stability as well as
reduced side effects [115,197,198]. Many drug carriers, for example,
mesoporous silica nanoparticles, cyclodextrins, and polymer matrices,
have been described as promising platforms for achieving drug delivery
[199-202]. To better design intelligent DDSs, in-depth knowledge about
the structural details of API and DDSs is essential. Solid-state NMR is a
powerful technique for the investigations of API in DDSs [196,197,202].
It can probe structural information at a molecular level relevant to the
structure and physicochemical properties such as API phase conversion,
local structure, and molecular dynamics, intra- and inter-molecular
connections, and API-DDS interactions. This section presents the appli-
cation of '°F ssNMR in characterizing three different DDSs, including
mesoporous silica nanoparticles, cyclodextrins, and polymer matrices.

5.1. Drug loading in mesoporous materials

Recently, mesoporous silica nanoparticles have been described as
promising nanocarriers for drug molecules [199,203,204]. These mes-
oporous materials can be specifically designed to achieve controlled
drug release by using the tunable pore size and architecture and large
surface areas [205]. Moreover, it has been reported that the confinement
of drug molecules in the mesoporous pores can stabilize the metastable
amorphous form API with the reduction of the tendency to recrystallize
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[189,206-208]. The stabilization of the amorphous API in mesoporous
materials is attributed to the spatial constraints imposed by the
nanometer-sized pores, where the crystal growth is significantly
inhibited [189]. '°F ssNMR was recently demonstrated as a powerful
technique to investigate the behaviors of fluorinated APIs confined in
mesoporous materials [115]. As shown in Fig. 9A, Vogt et al. utilized '°F
ssNMR to study the physical states of ezetimibe loaded in mesoporous
silica materials [189]. The '°F CPMAS spectra of ezetimibe with three
different weight fractions displayed broad, amorphous NMR peaks in
two silica materials, SY350 and SY740, with varying pore sizes. No
crystalline ezetimibe was observed even at a longer acquisition time.
This alternative stabilizes the amorphous APIs without introducing
polymeric excipients to form solid dispersions. The interactions between
ezetimibe and mesoporous silica materials were also probed by 19p_2%;,
'H-19F, and 'H-?°Si heteronuclear correlation experiments. The
19F_295i CPMAS spectrum of ezetimibe in SY740 is similar to that of
TH-29Si, which indicates proximity between all silicone sites (Qy, X = 2,
3,4) to the fluorines in ezetimibe. In contrast, no such correlation was
observed for ezetimibe in SY350.

Similarly, Khimyak and coworkers confined flufenamic acid (FFA) in
three porous silica materials (MCM-41, SBA-15, and MCF). They sys-
tematically investigated the effect of pore size and drug loading on the
phase of FFA by '°F ssNMR [208]. Fig. 9B proposed the mechanisms of
the crystalline phase formation at large pore sizes (~29 nm). Only FFA
at the internal pore surfaces and high mobile species in the void were
detected at lower drug loading. By gradually increasing the FFA content,
the amorphous phase was observed until 20 wt%, and crystalline FFA
started to show up at 25 wt%. In the study, variable-temperature '°F

Fig. 9. Characterization of drug molecules in various
drug delivery systems using '°F ssNMR. (A) 1D '°F
CPMAS spectra of crystalline ezetimibe monohydrate,
amorphous ezetimibe, and amorphous ezetimibe
loaded in mesoporous material SY740 [189]; (B)
1504 Three different phases and average dimensions of
flufenamic acid and proposed mechanism of the for-
mation of crystalline flufenamic acid form I in MCF
silica (top); Kinetics of crystalization of flufenamic
acid confined in MCF at 333 K and
variable-temperature '°F ssNMR spectra (bottom)
[208]; (C) 2D *C-'H HETCOR spectra of crystalline
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domain in HPMCAS polymer matrix (Bottom) [219];
Figures are reproduced with the permission of
Springer, John Wiley & Sons, Elsevier, and the
American Chemical Society.
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ssNMR experiments were employed to investigate the kinetics of crys-
tallization of amorphous FFA in situ in the MCF-FFA host-guest system.
As shown in Fig. 9B, at 293 K, only highly mobile liquid-like (~65 ppm)
and amorphous forms (~62.3 ppm) of FFA were observed. When the
temperature increases, the confined amorphous FFA species gradually
recrystallize to form crystalline FFA form I after 323 K. Meanwhile, the
intensity of mobile species is not affected by the crystallization. The size
of pore in different silica materials significantly impacted the recrys-
tallization. No crystalline FFA was detected in the identical in situ
analysis of SBA-FFA composite, indicating an effective stabilization of
confined amorphous FFA with a much smaller pore size (7.1 nm of SBA
vs. 29 nm of MCF).

5.2. Drug-cyclodextrin complex

Cyclodextrins (CDs) are widely utilized as excipients for more than
30 different pharmaceutical products on the market [209]. Bearing a
hydrophilic exterior and hydrophobic interior, CDs can form host-guest
complexes by incorporating the hydrophobic compounds in the cavity
via hydrophobic effects and hydrogen bonds/ion-dipole bonds/electro-
static interactions [209,210]. Drug-CD complexes have been regarded as
an efficient approach for in vivo drug delivery [211-213]. Moreover,
such inclusion of drug molecules in CDs was reported to enhance the
aqueous solubility and stability of drugs, and therefore their bioavail-
ability [200,210]. ssNMR is an ideal approach to studying the inclusion
of drug molecules in CDs, and most studies are proceeded using >C
detection [188,214-218]. In these studies, 2D ssNMR is widely utilized
to probe the drug-CD interactions via dipolar coupling by detecting the
homonuclear and heteronuclear correlations. For example, Gala et al.
employed '3C ssNMR to investigate the molecular interaction between
abiraterone and hydroxypropyl p-cyclodextrin (HPBCD) in a KinetiSol®
processed solid dispersions (KSDs) [218]. Fig. 9C (left panel) presents
the 'H-13C HETCOR spectra of crystalline abiraterone, HPBCD, and Lot
3 KSD. A new cross peak was observed in the spectrum of KSD and
assigned as the correlation between the aromatic proton of abiraterone
(~6.4 ppm) and anomeric carbons of HPBCD (~103 ppm). This provides
direct evidence for the intermolecular interaction between abiraterone
and HPBCD within KSDs. Apart from '3C detection, '°F ssNMR was also
involved in the characterization of drug-CD complexes. In a study by
Vogt et al., 'H, 13C, 1°F, and 3!P ssNMR were employed to study the
inclusion of different drug molecules in a variety of CDs [188]. 'H-!°F
CP-HETCOR experiment was utilized to validate the inclusion of diflu-
nisal, a fluorinated API, in the cavities of three different CDs, a-CD, $-CD,
and SBE-B-CD. Since diflunisal lacks aliphatic protons, the peaks in the
HECTOR spectrum that correlate fluorine atoms of diflunisal, and
aliphatic protons of CDs can be exclusively assigned to short-range
intermolecular interactions between diflunisal and CDs within 10 A
range. Among three CDs, p-CD, SBE-B-CD clearly showed such correla-
tion peaks, suggesting successful inclusion of diflunisal within the cavity
of these two macromolecules. In contrast, no such 'H-'°F correlation
was observed in o-CD and the inclusion of the drug in a-CD is likely
inhibited due to the smaller cavity size. Moreover, as shown in Fig. 9C
(right panel), the quantification of the levels of included and free drugs
in a CD matrix was also demonstrated using !°F ssNMR. °F DPMAS
spectrum of the coground 1:2 molar ratio mixture of diflunisal with -CD
suggested 28% of the diflunisal formed the drug-CD complex. This was
also proved by a strong correlation between aliphatic protons of $-CD
and fluorine of diflunisal in the 2D 'H-'°F CP-HETCOR experiment. The
chemical shift of fluorine in the included diflunisal (—111 ppm) was
more deshielded than that of free diflunisal.

5.3. Molecular packing of drugs in amorphous solid dispersion
Despite the broad utilization of ASDs as a major platform for delivering

poorly water-soluble drugs, a fundamental understanding of drug stability
and instability within the polymer matrix at the molecular level is largely
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unexplored. Specifically, the structural basis for rationalizing how polymer
serves as a network that separates drug molecules to enhance the energy
barrier of recrystallization is unclear. Besides, phase separation-induced
drug-rich domain is often accused of promoting crystallization and lacks
structural evidence. Therefore, drug-drug interaction in molecular packing
within the porous polymer system offers critical information. Such mo-
lecular properties are highly challenging to elucidate by many high-
resolution techniques, e.g., XRD, for its multicomponent and amorphous
nature. Most recently, Phyo et al. have applied the '°F centerband-only
detection of exchange (CODEX) NMR method to probe the molecular
packing of drugs in an amorphous formulation (Fig. 9D) [219]. CODEX
experiment was initially designed to study slow molecular re-orientation
[220] and well implemented to quantify protein oligomerization in the
past years [45,221-225]. It utilizes spin diffusion and CSA to quantify the
number of non-equivalent molecular orientations in an oligomer. The fast
spin diffusion rate and large CSA of °F have benefited '°F-CODEX as a
powerful technique for spin counting. Xue et al. have utilized '°F CODEX to
elucidate the oligomerization of organic compounds in their crystalline
forms [226]. This °F spin-exchange NMR method has recently been
applied to study pharmaceutical compounds. For example, Roos et al. have
investigated the structure of sitagliptin phosphate, a drug for type 2 dia-
betes [134]. In the study by Phyo et al., the authors have included
flutamide-HPMCAS (15% w/w drug loading) and POSA-HPMCAS (25%
w/w drug loading) as two examples of ASDs produced by spray drying. 1°F
CODEX results have identified 20 flutamide and 10 POSA molecules in the
nanometer domain. For the first time, their study has provided experi-
mental data to quantify the number of drug molecules packed in the
drug-rich domain within the polymer matrix. Taking flutamide-HPMCAS
ASD, for example, 1°F CODEX shows a dephasing at 1/20. As illustrated
in Fig. 9D, a randomized molecular packing model is utilized to fit the °F
CODEX data. The findings of 20-molecule packing represent a cubic box or
length of the drug-rich domain of ~2.8 nm, which is well within the range
estimated from the 'H T1, measurement. This method provides an oppor-
tunity to investigate the role of the drug-drug interaction in API recrys-
tallization in amorphous pharmaceutical formulations to understand the
underlying mechanism and predict drug product design’s long-term
stability.

6. Molecular mechanism of drug actions

Understanding the molecular mechanism of drug actions is critical
for drug design. For example, antimicrobial molecules function by dis-
rupting the lipid membrane [227]. ssNMR has been extensively utilized
to investigate antimicrobial drugs (AMDs) and peptides (AMPs), and
various models have been proposed, including Barrel stave trans-
membrane model, toroidal pore model, carpet model, and in-plane
diffusion or partial-insertion model [228-230]. However, isotopic la-
beling is often necessary for 13C NMR methods in these studies. °F
ssNMR provides a unique opportunity to investigate the dug action
without isotopic labeling. For example, Su et al. studied the orientation,
dynamics, and lipid interaction of an antimicrobial acrylamide,
PMX30016, using 31p and 1°F ssNMR. As shown in Fig. 10A, the 19p_19g
dipolar coupling in the trifluoromethyl group was measured by °F CSA
and 2D dipolar chemical-shift (DIPSHIFT) correlation experiment under
static conditions. Such information of °F-!°F dipolar couplings was
utilized to derive the orientation of PMX30016 in the lipid bilayers,
where a 20° and 30° tilt angle of PMX30016 molecular plane to the
bilayer normal was obtained for neutral and negatively charged lipid
bilayers.

Besides the investigation of fluorinated small molecular drugs, '°F
ssNMR has been widely utilized to investigate the mechanism of AMPs.
Fig. 10B shows a study by Toke et al., which used '°F ssNMR to examine
the mode of action of (KIAGKIA)3 peptides (K3). The fast dephasing of
13C_19F REDOR suggests the formation of K3 dimers. Based on all the
distance and orientation information obtained from REDOR, a toroidal
pore model was proposed for K3 peptides [231,232]. Apart from
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Fig. 10. Molecular mechanism of drug actions. (A)
The geometry of magnetically oriented bicelles con-
taining PMX30016 and measurements of °F GSA of
trifluoromethyl group in PMX30016; 2D '°F homo-
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curves of K3 peptides in lipid bilayers at a
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cross-section view of the cartoons of the K3 pore
model [231,232]; (C) Normalized CODEX intensities
as a function of mixing time for 4-!°F-Phe; penetratin
in the lipid membrane and the three-spin geometry
with unequal distances used to obtain the solid-line
best-fit curve [225]; (D) 13¢_19F REDOR dephasing
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REDOR, CODEX experiments were also able to provide information on
the interaction between AMP and lipid membranes. For example, Buffy
et al. presented a'°F CODEX study to determine the oligomeric struc-
tures of an AMP, protegrin-1, bound to the lipid bilayer at different
peptide-to-lipid ratios [233]. Similarly, Salnikov et al. reported using *°F
CODEX to define the size of the aggregates of alamethicins and the
relative arrangement of the helices [222].

Moreover, the design of cell-penetrating peptides (CPPs), a promising
drug delivery system, can benefit from the structural basis responsible for
its membrane permeation [234]. Su et al. utilized a 19r CODEX experiment
to determine the oligomeric number and intermolecular distances of pen-
etratin, a CPP, in lipid bilayers [225]. As shown in Fig. 10C, the '°F CODEX
intensities of 4-'°F-Phe; penetratin decay to an equilibrium value of 0.35,
suggesting a formation of penetratin trimer in the lipid membrane.
Furthermore, the CODEX decay trajectory was then fitted to a triangular
geometry representing the penetratin trimer. A triangle with a side length
of 6, 9.7, and 10.2 A displays the best fit to the experimental data. In recent
years, in-cell ssNMR is an emerging technique that can probe in situ
structural and functional information in cellular systems at an atomic level
[235-237]. By applying '°F REDOR internuclear distance measurements,
Kim et al. studied the binding site of the peptidoglycans to [*°F]oritavancin,
an Eli Lilly compound for the treatment of serious Gram-positive bacterial
infection, in both isolated cell walls and the cell walls of Staphylococcus
aureus [232,238]. Fig. 10D presents the model of [*°F]oritavancin binding
to the cell walls based on all the °F-'3C and °F-1°N distance constraints
obtained from REDOR experiments. Apart from drugs and peptides,
another category of fluorinated compounds utilized in clinics is the imaging
agents such as '®F-containing positron emission tomography (PET) tracers.
A recent study by Duan et al. demonstrated the capability of using '°F and
13C ssNMR to probe the binding sites of flutemetamo, a PET imaging agent,
to an Alzheimer’s p-amyloid peptide (Ap40) [239]. Compared to the
interaction between amyloid fibrils and small molecules, the flutemetamo
was found to bind preferentially with polar, charged, and aromatic amino
acid residues on the p-sheet surface in AB40. Such a study provides
invaluable insights for the rational design of PET tracers with high affinity
and specificity for various amyloid fibrils presented in neurodegenerative
diseases.

13

* [*°F]oritavancin binding to the peptidoglycans in cell
walls [238]. Figures are reproduced with permission
from the American Chemical Society and Elsevier.

7. Sensitivity enhancement of !°F MAS NMR

Strong homonuclear °F-1°F and heteronuclear °F-'H dipolar cou-
plings resulting in broad NMR lines can hinder its application in the solid-
state analysis of fluorinated compounds [26,36,241]. In this regard, tech-
niques and methods that can reduce or eliminate the strong dipolar cou-
plings can further enhance the utilization of °F ssNMR. Moreover, as ASD
becomes increasingly popular in formulation development, the broad
spectra feature and low peak intensity present challenges for 19F 5sNMR in
the characterizations of amorphous pharmaceuticals [26]. Additionally,
the sensitivity can also be an issue for 1°F ssNMR when the solid formu-
lation has extremely low drug loadings. In such a case, the advanced
spectroscopic methods such as multidimensional experiments are likely
restricted due to the low sensitivity. Therefore, even though '°F is the
second-highest sensitive nucleus (among typical nuclei), techniques that
can improve the spectral resolution and sensitivity are still desired. In this
section, two state-of-the-art techniques, ultrafast MAS (UFMAS) and dy-
namic nuclear polarization (DNP), are presented to demonstrate how the
sensitivity enhancement advances the pharmaceutical applications in 1°F
ssNMR.

7.1. Fast and ultrafast MAS

Strong spin interactions can be troublesome for '°F ssNMR in the
pharmaceutical analysis of fluorinated compounds. Generally, high-
power homo- and heteronuclear 'H, '°F, and '3C decoupling are often
required in !°F ssNMR to improve the spectral quality [36,71,242].
Apart from achieving decoupling by specialized hardware, another way
to improve spectral quality is by increasing the MAS frequencies. Many
reports have demonstrated significant improvements in sensitivity and
resolution of the !°F spectra when the MAS rate is increased substan-
tially [36,52,71,123,124,134,243-247]. The narrowed NMR lines and
enhanced resolution by fast MAS experiments can ease the peak
assignment in '°F ssNMR spectra. For example, by spinning the crys-
talline and ASD samples of voriconazole at 35 kHz, the peak assignment
of fluorines becomes straightforward without interference from spin-
ning sidebands [105].
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In the past decade, fast MAS representing the sample-spinning rate at
Vg > 60 kHz has further averaged the dipolar couplings to a greater
extent. The remarkable gain of sensitivity and resolution has further
advanced !°F ssNMR in many pharmaceutical applications, including
structural elucidation, quantification, and investigation of molecular
interactions. It is worth noting that the sample masses packed into rotors
decrease considerably for smaller rotors. For example, only ~4 mg
sample is required for packing a 1.3 mm rotor capable of rotating up to
~65 kHz while a typical 4 mm rotor can contain 60-120 mg of sample.
However, improving spectral quality at higher MAS still practically
overcomes the sensitivity limitations resulting from the reduced sample
mass. For example, in Fig. 11A, Lu et al. quantitatively studied the effect
of fast MAS in spectral quality by spinning the crystalline API aprepitant
at a series of MAS frequencies from 8 to 65 kHz [71]. The signal intensity
of trifluoromethyl fluorine (F1,2) increases by five times at the rate of
65 kHz compared to 8 kHz, and a 25-fold intensity gain was obtained for
the fluorophenyl fluorine (F3). Consistent with intensity change, the
linewidth narrowing effect leads to significantly improved spectral res-
olution. The improved spectral quality at 60 kHz enabled the two 3D
19 'H-'H and '°F-'°F-'H correlation experiments to analyze the
structural difference between the aprepitant API and its nanoparticulate
formulation, EMEND®. As shown in Fig. 11A, the 2D *H-'°F planes are
greatly similar, indicating no structural alternation between API and its
commercial drug product. Most drugs in solid dosage formulations are in
crystalline forms, where the long-range order can result in a long lon-
gitudinal relaxation time (T;). This situation is even worse for 19F ssNMR
considering the relatively long T; r than Ty y, leading to time-consuming
spectral acquisition. Paramagnetic relaxation enhancement (PRE) has
been described as a practical approach to reducing T, and therefore, the

(A)

MAS

(B)
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signal intensity can be improved with efficient signal averaging
[248-250]. Fig. 11B presents the first application of PRE in the inves-
tigation of pharmaceutical solids [245]. By doping the crystalline POSA
with Cu (II) ions, the T; r of POSA was shortened by 3-fold at no expense
of structural change, enabling a 3-fold faster °F acquisition. Moreover,
in the same study, the PRE was coupled with UFMAS experiments at 60
kHz to elucidate the molecular packing of crystalline POSA. The vastly
improved resolution in 'H-!'°F HETCOR experiments offers the oppor-
tunity to extract rich information on intra- and intermolecular in-
teractions in POSA, resulting in the revealing of the "head-to-head” and
“head-to-tail” packing structures [245].

Recently, UFMAS '°F ssNMR with a rotation rate at >100 kHz has
been further applied in the characterization of fluorinated pharmaceu-
tical materials [52,245]. Fig. 11C presents a study by Quinn et al. uti-
lizing the UFMAS at V., = 60-111 kHz to investigate the two generic
formulations of atorvastatin calcium [52]. The linewidth narrowing in
19F spectra was systematically evaluated for MAS frequencies ranging
from 60 to 111 kHz in the presence and absence of 'H decoupling. The
linewidth was decreased by ca. 1.3-fold when increasing the MAS rate
from 60 to 111 kHz without 'H decoupling. Moreover, in their study, the
'H-19F HETCOR spectra with a high signal-to-noise ratio (S/N) for two
atorvastatin samples containing only 6-9% w/w API were collected in
just a few hours, attributed to the sensitivity enhancement resulting
from UFMAS. In addition to HETCOR experiments, the °F-1°F REDOR
experiments at UFMAS frequencies also enabled the high-resolution
structural analysis of atorvastatin samples, where four different fluo-
rine atom environments were revealed for the two groups of fluorine
resonances. Most recently, GalPorat-Dahlerbruch et al. have probed
structures of atorvastatin calcium and mefloquine by measuring '°F

Fig. 11. '°F ssNMR spectral improvement using fast
MAS and DNP in pharmaceutical applications. (A)
The sensitivity and resolution enhancement of °F 1D
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chemical shift tensors at the MAS frequencies of 60-100 kHz [251]. The
above studies demonstrated the usefulness of fast and ultrafast MAS *°F
ssNMR in the characterizations of fluorine-containing drug substances
and drug products. It can be anticipated that future advancements in
MAS with more effective averaging of dipolar couplings will further
enhance spectral sensitivity and resolution.

7.2. Dynamic nuclear polarization

DNP is a technique that can boost the sensitivity of NMR by trans-
ferring the polarization of unpaired electrons to the nearby nuclei via
microwave irradiation of electron-nuclear transitions. It exploits the
significant difference in the gyromagnetic ratio between electrons and
nuclei, and theoretically, the enhancement factor for H is ~660 [26,
252-254]. The development of the polarizing radicals, cryogenic MAS
probe, and high-frequency and high-power microwave sources has led to
the advancements of DNP to a great extent. In recent years, DNP has
been prosperously applied to many nuclei, such as 13C, 1°N, 35, etc., to
characterize various pharmaceutical APIs and formulations [255-258].
Typically, one to two orders of magnitude signal enhancement can be
achieved [252,259]. This has enabled multidimensional experiments to
analyze the pharmaceutical materials at their natural abundances. For
example, Ni et al. have demonstrated a 32-fold '°N signal enhancement
by DNP, which allows the complete chemical shift assignments of 1°N in
the POSA-deuterated vinyl acetate ASD [255].

Nevertheless, the use of DNP-enhanced 19F ssNMR remains scarce in
pharmaceutical applications. Fig. 11D presents the '°F ssNMR DNP
study for an API, 5-fluorouracil, by Viger-Gravel et al. using the incipient
wetness impregnation (IWI) method [260]. A roughly 25-fold
enhancement was reported. Moreover, a signal enhancement factor of
10 was also obtained for 13C when transferring the fluorine polarization
to carbon by °F-!3C CPMAS. In the study, besides the sample with a
high concentration (230 pmol of fluorine), a low concentration sample
(2 pmol of fluorine) was also prepared by mixing 5-fluorouracil with
cellulose, an excipient to mimic the pharmaceutical drug product. As
shown in Fig. 11D, DNP significantly amplified the signal intensity while
detecting a few micromoles of fluorine was not applicable in the routine
MAS experiments [260]. Furthermore, Polenova and coworkers have
achieved a remarkably high '°F signal enhancement (~100-fold) using
DNP in combination with fast MAS at > 20 kHz in the study on HIV-1
capsid protein assemblies [261]. The improved sensitivity allowed the
collection of '°F-'3C HETCOR spectra, providing a wealth of informa-
tion on distance constraints for the protein structural analysis. These two
examples demonstrate that '°F MAS ssNMR coupled with DNP is a
powerful tool in characterizing drug products and biologic materials
even with low fluorine concentrations.

Recently, Emsley et al. discussed the possibility of applying MAS
DNP experiments for quantitative studies [262]. Coupling with
multiple-contact CP, 13C MAS DNP was demonstrated as an efficient and
robust method for absolute quantification of an analyte with errors less
than 10% [262]. The uniform DNP enhancements for the analyte of
interest and the internal standard aided the quantification. In the study,
the authors also proposed that the quantification by DNP MAS NMR in a
more complex system is likely still applicable if signal intensities are
normalized to their steady-state enhancements. Such DNP-enhanced
experiments can be extended to !°F ssNMR. The sensitivity enhance-
ment offered by DNP and '°F can further leverage the efficiency for the
quantification studies of fluorinated pharmaceuticals.

8. Conclusion and Outlook

Fluorinated drugs represent a considerably large share of the phar-
maceutical market. Given the high NMR receptivity and the absence of
fluorine in most pharmaceutical excipients, '°F ssNMR has become an
efficient analytical technique to characterize fluorine-containing drug
substances and drug products. As a versatile and high-resolution
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technique, 1°F ssNMR is widely utilized to identify and quantify different
API forms, unravel structural details and molecular interactions, and
provide a mechanistic understanding of API phase conversion, molec-
ular packing, and drug actions. The rational design of next-generation
drug delivery systems demands in-depth structural knowledge of the
API and drug carriers. '°F ssNMR is an indispensable tool in character-
izing novel drug delivery systems to extract information on molecular
connectivity, local molecular dynamics, homogeneity of fluorinated
drugs and carriers, etc. Cutting-edge techniques such as UFMAS and
DNP further expand the utilization of '°F ssNMR by significantly
improving the spectral resolution and sensitivity, which enables the
characterization of fluorinated drug substances even at notably low drug
loadings. Besides, 1°F ssNMR has a high potential to be implemented as
an automatic and high-throughput method for pharmaceutical analysis.
Moreover, we foresee that many '°F methods in the studies of NMR
crystallography will be utilized to investigate the structure-function
relationship of amorphous pharmaceuticals.
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Abstract

The predisposition of pharmaceutical solids to crystallize in various forms can lead to differences in their physical and chemical properties. The
study of polymorphism is an important step in drug development because it causes a relevant physical and chemical characteristic in both the API
and the formulated drug. NMR is one of the most versatile techniques for structural characterization. In addition, Solid State NMR is important for
the study of organic and inorganic compounds, both for structural determination and for the use of samples, bonding types and geometry, as well as
for analytical studies and their applications in a wide range of areas, including drug studies, such as pure API or pharmaceutical formulations and
excipients. In this mini review, there are some examples about its use for studying polymorphism in pharmaceuticals.

Keywords: Solid state NMR; '*C CPMAS; Polymorphism; Pharmaceuticals

Mini Review

NMR is one of the most versatile techniques for structural
characterization. In addition, NMR is important for the study of
organicand inorganic compounds, both for structural determination
and for the use of samples, bonding types and geometry, as well
as for analytical studies and their applications in a wide range of
areas, including drug studies, such as pure IFA or pharmaceutical
formulations and excipients. All types of solid material can be
studied by NMR, including crystals and powders, amorphous
materials such as glass and rubber, superconductors and metals
[1]. The Hamiltonian that describes the interactions present in a
sample containing nuclear spin nuclei (I), consists of a sum of
Hamiltonians related to the magnetic and electrical properties of
the sample being analyzed [2], as shown EQUATION 1:

Hypp= HytHpptH v H ot H) +H Equation 1

Where Hz is Zeeman Hamiltonian, HRF radiofrequency
Hamiltonian, H] scalar Hamiltonian, HD dipolar Hamiltonian, HDQ
chemical shift Hamiltonian and HQ quadrupolar Hamiltonian.
Zeeman's interaction between nuclear spin and the applied
magnetic field induces the precession in the Larmor frequency
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wo, which is defined by the nucleus and the external field strength.
Magnetic fields as high as 21 T are in use, producing 900 MHz
Larmor frequencies for hydrogen. Internal interactions observed
include those of chemical shift, and scalar couplings. In addition,
solid state NMR [1,2] can detect chemical shift anisotropies,
magnetic dipole and electric quadrupole interactions, which are
only observed indirectly in solution NMR. The most remarkable
difference between the spectra obtained in solid NMR and in
solution NMR is that in solid form the spectra show very broad
signals. This difference is a function of the strong dipolar coupling
interactions and the solid-state chemical shift anisotropy, which
in the liquid state is averaged to its isotropic value or eliminated
by molecular motion. Both dipolar coupling and chemical shift
anisotropy are geometry dependent phenomena. The first gives
relative orientation between two dipolar nuclei under study, while
the second is a function of the orientation of the nucleus in relation
to the static magnetic field [3].

The development of the techniques of magic angle rotation
- MAS [4], high-power decoupling [5] and cross-polarization -
CP [6] allowed obtaining high-resolution NMR spectra in solid
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form. The implementation of several pulse sequences, such as
TOSS (Total Suppression of Sidebands) that suppresses sideband
signals [7], the dipolar dephasing technique (DD) for signaling
non-proton carbons [8], and two-dimensional experiments such
as PASS-adjusted spinning sidebands [9], allowed solid state
NMR to be applied more broadly. The Figure 1 illustrates the solid
state NMR spectrum, where the molecular orientation dependent
interactions were eliminated by positioning and rotating around
the magic angle (MAS) and the spectrum becomes similar to an
NMR spectrum in the Figure 1, where dipolar and quadrupolar
anisotropic interactions are maintained [1]. The most important
technique for improving the resolution of solid-state NMR spectra
is the sample positioning at 54.74° and the rotation at velocities of
the order of magnitude of dipolar interactions and chemical shift

anisotropies. Typically, for nuclei like 3C, 3'P and ?°Si that have
narrow chemical shift ranges, rotational speeds between 5 and 10
KHz, are sufficient to nullify dominant anisotropic interactions, as
can be seen in Figure 2 [1,2]. On the other hand, the MAS technique
significantly improves the resolution of spectra when coupled
with the CP technique, and an improvement in sensitivity can be
achieved. In the CPMAS technique, first magnetization of abundant
species (1H) is done and then this magnetization is transferred to
less abundant species, such as 3C and *°N, by dipolar interaction.
The least abundant species are detected while uncoupling the most
abundant species. The theoretical sensitivity gain is the ratio of the
Larmor frequencies of the two spins, e.g. up to 4 to the 'H-'3C [1,2]
(Figure 1,2).
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Figure 1: (a) "*C solid-state NMR chemical shifts in different functional groups; (b) **C solid-state NMR chemical shifts in the same functional
groups as (a) but illustrating anisotropic interactions [1].
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Solid-state NMR has been widely used in the identification of
API polymorphs and in the characterization of pharmaceutical
formulations, as well as in stability evaluation and drug-excipient
interaction. In 2015, PINDELSKA and colleagues [10] used
solid-state NMR for the analysis of clopidogrel hydrogensulfate
polymorphs (HSCL), the antiplatelet agent, and the world’s
second-best selling drug. The solid dosage forms of the drug
were evaluated, and the methodology was used to identify which
polymorph was present in the commercial formulation. HSCL
exists in different polymorphic forms, but only one of the two
may be present in the final formulation, the HSCL1 polymorph
or HSCL2. The standard spectra of the two polymorphs were
obtained and compared with the 3C CPMAS spectra of the different
formulated products. Polymorphic forms were easily identified in
pharmaceutical formulations by comparing the 3C solid-state NMR
spectra (Figure 3). AGUIAR et al. (2016) have used a combination of
13C solid state NMR and GIPAW-DFT computed isotropic calculation
to solve ambiguities in 3C chemical shifts of 6-aminopenicilanic
acid (6-APA). This is an intermediate in the industrial preparation
[11]. SKOTNICKI (2016)
characterized two forms of valsartan IFA, an antihypertensive drug,
by solid-state NMR [12]. From the *C CPMAS NMR spectra it was

of beta-lactam penicillin’s et al
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possible to distinguish between the AR form (as received from the
manufacturer with low crystallinity) and the AM form (completely
amorphous), observing the region between 40 and 70 ppm that
was distinct for the two forms analyzed (Figure 4). REZENDE et

al. (2016), who studied polymorphs from carvedilol API (CAR), an
antihypertensive, reported another recent work about solid-state
NMR polymorphism identification [13] (Figure 3,4).
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Figure 3: °C CPMAS NMR Spectrum: (a) Formulated products containing HSCL1 polymorph and (b) Formulated product containing HSCL2

J

C-1 WP 3D
AWC | ca 1o
o,

o R
I/

cal sy !L "
B s

o,
4\

Figure 4:*C CPMAS NMR spectra: (a) AR form at 38 °C, (b) AR
form above glass transition temperature - 110 °C and (c) AM form
at 38 °C [12].

It was possible to characterize by *C CPMAS NMR three
polymorphic forms of the drug: form II, III and hydrate Figure 5.
Solid-state NMR spectra signals were performed by the combination
of NMR techniques and ab initio calculation.In the same year
(2016), Sousa and coworkers studied polymorphism in efavirenz
(EFZ), an antiretroviral drug [14]. In this study, the authors could be
found, by solid-state NMR, the difference between EFZ used in the
medicine formulations and the polymorphic form obtained by EFZ
crystallization in heptane solvent. **C CPMAS NMR spectra Figure
6 of the EFZ/MIC and EFZ/HEPT showed 2 spectral regions, which
present clear differences like signals multiplicity and intensity
ratios of the signals. The first region of comparison is 60-100 ppm,
and the second region of interest is the cyclopropyl group between
-2.0 and 10 ppm (Figure 5,6).

Recently Solid-state NMR has been used combined with DFT
calculations, to study polymorphism in dexamethasone acetate,
by SILVA et al. in 2018 [15], inpharmacy samples of melxican
[16] by ROMANI et al. (2018) and for evaluation of piracetam by
Szeleszczuk et al. (2019). Piracetam is a popular nootropic drug,
widely used in the treatment of age-associated mental decline
and disorders of the nervous system such as Alzheimer’s disease
and dementia exists under normal pressure in three polymorphic
forms (P1, P2 and P3) of different stability. The authors studied
the relative stability of piracetam polymorphs depending on the
temperature by using the solid-state NMR spectroscopy combined
with ab initio DFT calculations. The results showed that DFT
calculations can be used not only to obtain the NMR parameters
but also to predict the influence of the temperature on the stability
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order of the polymorphic forms of molecular crystals [17]. From the
examples given it can be said that solid-state NMR offers a range of

relevant information to basic scientific research or industry specific

requirements unparalleled by any other technique.
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Regulatory Considerations
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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.
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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
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- DSC (Thermoanalyticai & Physical)
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—— No
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Composition?
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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-
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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.
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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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HYDRATES (SOLVATES)
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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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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
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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
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Yes Single Morphic Form
Produced in Different Ways Qualitative Control
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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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Introduction and historical background

With the accumulation of data, there is developing a gradual realization of the generality
of polymorphic behavior, but to many chemists polymorphism is still a strange and unusual
phenomenon. (Buerger and Bloom 1937)

1n spite of the fact that different polymorphs of a given compound are, in general, as different in
structure and properties as the crystals of two different compounds, most chemists are almost
completely unaware of the nature of polymorphism and the potential usefulness of knowledge
of this phenomenon in research. (W. C. McCrone 1965)

1.1 Introduction

In spite of chemists’ occupation and fascination with structure and the connection
between structure and properties, in McCrone’s view in the nearly three decades
following the observation of Buerger and Bloom there had not been any serious change
in their awareness of polymorphism, its importance to chemistry and its potential
usefulness. More than thirty-five additional years have passed, and that awareness is
now increasing. As analytical methods have become more sophisticated, more precise
and more rapidly carried out, the proliferation of data has revealed differences in
structure and behaviour which can be attributed to polymorphism. The increasingly
rapid accumulation and archiving of structural data allow for the systematic search and
retrieval of those data for the purpose of correlating structure with properties. In short,
polymorphism in chemistry is moving from a ‘strange and unusual phenomenon’ to
one which is a legitimate and important area of research in and of itself that can also
be utilized by chemists in unique and efficient ways for the study, understanding and
development of structure—property relations in solids.

Structural diversity surfaces in almost every facet of nature. Chemistry in general
is no exception, nor, in particular is structural chemistry, and crystal polymorphism
is one manifestation of that diversity. The emphasis here will be on molecular crys-
tals for a number of reasons. Inorganic compounds and minerals traditionally have
been the purview of geologists and inorganic chemists and their innate interest in
structure—property relationships led naturally to more organization and more aware-
r‘less of polymorphism than in other pursuits. Monographs such as Wells’ (1989)

Structural Inorganic Chemistry” and Verma and Krishna’s (1966) ‘Polytypism and
POlerlorphism’ are typical examples. On the other hand, organic solid state chem-
Istry is a relatively new discipline (or multidiscipline), founded (or refounded) in the
1960s by the schools of Schmidt (1971) in Israel and Paul and Curtin (1973, 1975)
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Polymorphism of pharmaceuticals

After discovery of the first cases of polymorphism with drar.natic differences. in liziologicai
activity l;etween two forms of the same drug . . . no pharmaceutical manufacturer could neglec
the problem. (Borka 1991)

oxey v a l
There are many mysteries of nature that we have not yet so[vled.. It-IuIrlcdnte;,ref(ci)irC te?n Orrrlllt)hz
i : assive devastation. Meteorologists canno

continue to occur and often cause massive . ' . e sormanity. Poly.
i i i ity a hurricane will strike a specific co .
in advance when and with what velocity > wil ‘ ° Bt not wby

ism is a par: We know that it will probably happen. ot
morphism is a parallel phenomenon. : . (
whe?l Unfortunately, there is nothing we can do today to prevent a hurricane from striking any
community or polymorphism from striking any drug. (Sun 1998)

7.1 Introduction

The increasing awareness and importance of polymorphismin .thelpz(ligt SQ yelagrg 90)r sl? hl:
i i 1d of pharmaceuticals (Bavin .
erhaps nowhere more evident than in the fie '
fandrr?ark chapters of Buerger and Bloom (1937) and McCrone (3965) dé(elpri?énpl\izz
i i i ials. One outstanding ex
special emphasis on pharmaceutical materia ' .
?}Illey bé)ok of Koger and Kofler (1954), whose authors were members of an acader‘mc
department of pharmacognosy (Webster: the branch of pharm;cglog;/ E}lﬁt trej;isn(ﬁ
| ¢ i i f unprepared medicines). The semina
considers the natural and chemical history o : ine 1o serm
j i armac Is was the review of Haleblian
on the subject of polymorphism of pharmaceutica
Eﬁgelt/lcCrone (J1969), which set the scope and the standards for many subseqp[)en;
works. The literature on the polymorphism of pharmaceuticals is now best describe

as vast. A multiauthored monograph has appeared covering various aspecst;s2 .olfg tl:ﬁ
subject (Brittain 1999b), along with major sections of other books (Byrn 1982; Bym

1 3 . t_.
et al. 1999), and an ever increasing number of reviews (Haleblian 1975; Kuhner

i : - 1983;
Brandstitter 1975; Bouche and Draguet-Brughmans 1977; Giron 1981; Burger 19

, e ta
Threlfall 1995; Streng 1997; Caira 1998; Yu et al. 1998; Winter 1999; Vippagun

i i lems
et al. 2001) covering various aspects of polymorphism as related directly to problems

. . he
in the pharmaceutical field and/or pharmag:eu?ical compounds, mcél;c;mgT shoer;z (())rfet, i
economic and intellectural property implications (Henpk et c'zl. 1 ; 12 e e hors
would be foolhardy to attempt to present a comprehegswe review of t 'Z " g)rovide -
Rather, in keeping with the general philosopl.ly of this book, the alm‘i o e poins
general introduction to the subject, with sufficient examples to demori: fr e er detai
raised, and commensurate relevant references for the reader to seek fu
and information.

OCCURRENCE OF POLYMORPHISM IN PHARMACEUTICALS 241

7.2 Occurrence of polymorphism in pharmaceuticals

7.2.1 Drug substances

The development of a new dru
uct is a long and expensive p
(Yevich 1991). The strict qua
implications of the drug indus
formation and properties of s
formulations, both active ing
over long periods of time a
tal variables, can create con
forms, intentionally or sere

g from a promising lead compound to a marketed prod-
rocess, with odds of success estimated at | in 10000
lity control requirements and the intellectual property
try lead to thorough and intensive investigations of the
olid substances intended for the use in pharmaceutical
redients and excipients. These efforts, often extending
nd with many potential experimental and environmen-
ditions that can lead to the appearance of polymorphic
ndipitously. While it may not be surprising that many
materials have been found to be polymorphic, or that any

anew situation, and the state
of polymorphism is still such that we cannot predict with any degree of
if a compound will be polymorphic, prescribe how to make possible (unknown)
polymorphs, or predict what their properties might be (Beyer et . 2001).

There have been a few attempts to compile instances of polymorphism in phar-
maceutically important materials, Since even the definition of what comprises
‘pharmaceutically important materials’ is itself subject to debate it is difficult to judge
how comprehensive such compilations might be. However, generally they serve as
useful references and are given here. One of the first organized attempts at such a com-
s and barbiturates was by Kuhnert-Brandstitter
(1965) (see also Kuhnert-Brandstitter and Martinek 1965). Much of those data may

be found in her subsequent book (Kuhnert-Brandstitter 1971), which also contains
a compilation of many of the thermal

confidence

ian (1990) compiled

a list of over 500 references to reports of polymorphism in over 470 pharmaceuti-

cally important compounds.! This was shortly followed (Borka 1991) by a review
of polymorphic substances included in Fasciculae 1-12 of the European Pharma-
copoeia (EP), including a comparison of melting points in the EP and the original
lterature, The latter review was subsequently updated in 1995 by including EP entries
or Fasciculae 13-19 (Borka 1995).

Griesser and Burger (1999) compiled the informati

, on regarding 559 polymorphic
formg, solvates (including hydrates) of drug solids

at 25°C in the 1997 edition of

|
~ DrBorkg i

 this papey w
80fth per,

as communicated with this author th
hich unfortunately contains ‘numerou
°m. Bven with that cautionary note, it is

at he and Dr Haleblian did not receive galley proofs
$ printing errors’. The list of errata actually containg
a useful compilation.
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Solid-State Pharmaceutical Chemistry
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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.

1 Department of Pharmaceutics, University of Minnesota.

$ Department of Laboratory Medicine and Pathology, University of
Minnesota.

® Abstract published in Advance ACS Abstracts, August 15, 1994.

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.
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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.

Chem. Mater., Vol. 6, No. 8, 1994 1155

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.
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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.%!

g 317
[
,g .
3
°
c
® 2.9 4
=
& .
2
‘g [ I |
I

2.8 +

[}
°
s
o 2.7 + + 1 + {
-2 0 2 4 6 8

AS (ppm) = 8solid - dsolution

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
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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.
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Open guestions in organic crystal
polymorphism

Aurora J. Cruz-Cabeza® ", Neil Feeder? & Roger J. Davey'

Polymorphs, crystals with different structure and properties but the same
molecular composition, arise from the subtle interplay between thermodynamics
and kinetics during crystallisation. In this opinion piece, the authors review the
latest developments in the field of polymorphism and discuss standing open
questions.

Be they medicines, foodstuffs, paints or electronics, many of the products that we consume
contain active crystalline components. The structure and the properties of such crystalline solids
are dictated by intermolecular interactions which bring molecules together in perfectly ordered
symmetric arrangements—crystal structures (Fig. 1)I. The regularity of these structures is
manifest to the naked eye in the form crystallites of regular and symmetric shapes (also known as
crystal habits and morphologies), and their exquisite internal structures can be determined at the
molecular level by techniques such as X-ray diffraction.

Crystallisation is the process by which molecular crystals are produced—with crystallisation
from a liquid solution being the most common in industry. Two steps are involved in crystal-
lisation: (i) nucleation, which is the process leading to the birth of a crystal nucleus and (ii)
growth, which is the process by which molecules get incorporated into such nuclei, leading to
macroscopic crystals. Because intermolecular interactions are soft ‘bonds’ and because molecules
possess shape, the competition between maximum space filling and utilisation of strongest
possible interactions can result in the nucleation and growth of different crystal structures (with
identical composition and similar energies) under different crystallisation conditions (solvent,
composition, purity, temperature, pressure). This phenomenon, known as crystal polymorphism
(Fig. 1), was first noticed almost 200 years ago for inorganic compounds by Mitscherlich and
soon after for organic compounds by the German chemists Liebig and Waohler?3. The phe-
nomenon remained a curiosity at the time and was barely studied until, in the late 1960s, its
importance to the development of drugs and other products began to be realised. Because each
polymorph of a given molecule has a unique crystal structure, it would also have its own unique
physical properties (such as mechanical hardness, solubility, colour, melting point etc). To
manufacture and deliver crystalline based consumer products which perform consistently,
therefore, it is vital to control and deliver the same polymorphic form across each batch of

TDepartment of Chemical Engineering and Analytical Science, The University of Manchester, Oxford Road, Manchester M13 9PL, UK. 2 Neil Feeder
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Fig. 1 Supramolecular assembly evolution of p-aminobenzoic acid (pABA) from a single molecule into crystallites of two different polymorphs. The
assembly occurs via two different routes (pink and blue) as a consequence of two different types of crystallisation conditions (X and Y), which leads to
different early assembly, polymorphic structure, crystal shapes and material properties’.

Anthracene
(ANTCEN)
3 polymorphs

Phenazine
(PHENAZ)
2 polymorphs

9,10-Anthraquinone Acridine
(ANTQUO) (ACRDIN)
1 form 8 polymorphs

Fig. 2 Similar compounds can behave very differently when it comes to
polymorphism. Molecular structure, Cambridge Structural Database six-
letter family refcode and number of polymorphs for anthracene, phenazine,
9,10-anthraquinone and acridine.

crystals (Fig. 1). In this context, what have we learnt and what are
the open questions in organic crystal polymorphism?

Molecular basis of polymorphism

Q1 Why are some compounds polymorphic and others not?.
This is perhaps the first fundamental question which remains
open. In some cases, compounds having very similar chemical
structure behave in a completely different manner when it comes
to polymorphism. To our knowledge, 9,10-anthraquinone crys-
tallises in one unique crystal form, phenazine crystallises in two
polymorphs, anthracene in three polymorphs, whilst acridine has
been reported to have at least nine polymorphs (Fig. 2)%. We
know from various databases that between 37-66% of com-
pounds exhibit polymorphism3. The vast majority of poly-
morphic compounds are reported to only have a pair of

polymorphs (89%), 9% three polymorphs and only 2% four
polymorphs or more2. Yet, it remains impossible to know, based
on molecular structure alone, whether a compound will be
polymorphic or indeed how to decide if all possible polymorphs
have been found in experimentation.

Q2 Are polymorphs predictable from molecular structure?. In
the last 20 years or so, there has been enormous progress in the
field of crystal structure prediction (CSP)°. CSP is a computa-
tional technique allowing for the generation of all possible crystal
packings of a given compound. A polymorphic landscape is
produced whereby hundreds of crystal structures are generated
computationally, and their lattice energies calculated. These
landscapes are sometimes successful at predicting the most stable
low temperature crystal structure, if extremely accurate energy
models are used®. Predicting which polymorphs might appear
experimentally, however, still remains a major challenge. The fact
that a crystal structure is generated computationally does not
mean it can be obtained experimentally’ and indeed making the
link between prediction and practical realisation remains an
unsolved, yet vital goal simply because while thermodynamic
stability can be computed from structural information, rate
constants for nucleation and growth cannot yet. However, some
progress is being made here. Increasing evidence is appearing for
the direct link between nucleation and growth rates with fast
growers also being fast nucleators®. In this sense the problem may
reduce to the computation of growth rates for which the litera-
ture is replete with methodologies. Here we mention the simple
attachment energy methodology, the mechanistic models of
Snyder and Doherty? and most recent work in which surface
rugosity is used as a comparative measure of growth rates!.

Experimental preparation of polymorphs

Q3 Why are some polymorphs so difficult to crystallise?.
Nucleation, the origin of a crystal, is perhaps the least well
understood step in the area of polymorphism. Kinetics and
thermodynamics play a fine game in nucleation and crystal
growth of various polymorphs. For example, theophylline form
IV, despite being the most thermodynamically stable polymorph,
is extremely difficult to crystallise because it is hard to nucleate
and grows much slower than the common form II!l. Ostwald’s
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rule of stages, with its central tenet that metastable forms will
always appear first, has provided a useful experimental guide to
the kinetics of solution crystallisation processes!?2. However,
recently the rule has been shown to be only a special case of a
much bigger experimental landscape, the details of which are
currently beyond computation. Gaining a better understanding of
the kinetics of crystal nucleation and growth for a wide range of
polymorphic systems!3 is thus a must if we are able to establish
better links between crystal forms and the conditions that afford
them. Beyond detailed kinetic studies, the community would
benefit from abundant and accurate reports of exact crystal-
lisation conditions that lead to new polymorphs. The problem
here, however, lies in the fact that often the presence of small
amounts of impurities may play an important role. As a con-
sequence, reports of irreproducibility of polymorphic observa-
tions or of disappearing polymorphs abound not only across labs
but also within one’s own!%. Another aspect to consider in the
crystallisation of polymorphs is the conformational problem
whereby polymorphs with high energy conformers have been
found to be very difficult to produce?. Other polymorphs cannot
be nucleated directly from solution but have to be produced via
desolvation  of intermediate  solvates!> or  through
mechanochemistry®.

Q4 Do polymorphs change stability under different condi-
tions?. Most CSP landscapes only illustrate the system state at
one unique set of conditions, usually 0 K and no external pres-
sure. Polymorphs, however, are known to change in stability with
conditions such as temperature, pressure and even particle size!”.
Therefore, the generation, understanding and prediction of phase
diagrams under a number of conditions is an area that deserves
careful further consideration within the context of polymorph-
ism. In recent years, a number of approaches have been devel-
oped for the computation of crystal free energies!® (beyond
lattice energies) but these remain computationally expensive.
Similarly, exploring polymorph stabilities experimentally with
pressure may lead to stability changes between forms and the
realisation of new polymorphs!®. Finally, polymorph stability
changes as a function of crystal size have rarely been studied
although this has been shown to be important in the context of
mechanochemistry!” and crystallisation in nanoconfinement??.

Q5 Can the crystallisation of polymorphs be directed by
templating?. Many polymorphs can only be obtained by crys-
tallisations in the presence of other compounds either in solu-
tion, with solid polymers?! or crystallisation within gels?2.
Growing compounds onto isostructural (or mixed) seeds of
related analogues has been proven as a way to produce some
predicted forms but only in a handful of examples including
form V carbamazepine?> and ROY?% When such templating
strategies are possible and how to achieve them remain open
questions.

Characterisation of polymorphs

Q6 Are we able to detect and determine all polymorphs?.
Despite advances in instrumentation over the last 50 years often
compounds, especially large flexible pharmaceuticals, are difficult
to crystallise as single crystals amenable to X-ray diffraction. In
those cases, structure solution from powders or from a combi-
nation of methods may be the only possibility. In recent years,
there has been some development in electron diffraction tech-
niques which are able to solve complex structures, and even
determine absolute configurations, from crystals of just a few
hundreds of nm in size?>. These techniques are still in need of

further development so that they may be used more routinely in
solid-state labs around the world. Related to this, tiny amounts of
other polymorphs may be present in final products but are not
detectable with current analytical techniques®. Increased sensi-
tivity of analytical methods at the lab scale is therefore required,
though this remains an issue of characterisation of materials in
general. Finally, it is possible for true polymorphs to have very
similar structures to the extent that that they may be overlooked
experimentally, having only subtle differences in the X-ray dif-
fraction patterns. Hence expert use of a combination of structural
analysis techniques will be important in the future to uncover the
true extent of polymorphism?7.

Structural basis for physical properties of polymorphs

Q7 Do crystal dynamics, defects and disorder effect polymorph
properties?. The notion of an idealised perfect crystal is only true
in theory. Real crystals are full of defects and many also have
structural disorder. Beyond our average static view of crystals
(averaged positions determined by XRD often at low tempera-
tures), molecules are able to vibrate, librate and in some cases
some of their groups are able to rotate (i.e. methyl group rota-
tions or pedal motions). Our view of crystals and polymorphs is
too static and to be able to better understand and model disorder
or entropic contributions to free energies, we need to move
towards a better understanding of crystal dynamics. This may
require of further experimental data on high temperature struc-
tures and their dynamics as well as dynamic simulations of
crystals. Disorder can manifest in many ways. It can be static or
dynamic positional disorder of parts of the molecule within the
unit cell, as well as more macroscopic phenomena such as
mosaicity, twinning or stacking faults possibly also with loss of
order at the crystal surfaces?®2%. Each of these will have a precise
effect on the physical properties of ‘real’ crystalline materials yet
they remain difficult to characterise experimentally and model
computationally even by expert practitioners.

Q8 Can we predict structure-property relationships?. We need
to start establishing links between structure and properties in
polymorphs so that we can enable computational prediction3(.
For this, first, properties of polymorphs need to be accurately
measured, reported and reviewed. For example, Pudippeddi and
Serajuddin compiled the solubility differences of a large set of
polymorphs revealing solubility ratios between polymorphs is
usually less than 231 In recent years, with the development of
nanoindentation there has been some novel work in trying to link
crystal structure to mechanical properties of crystals’2. More
such studies would benefit the field tremendously since ulti-
mately, the exploitation of polymorphs will be determined by
their physical properties.

Outlook

In theory, one would want to generate the polymorphic landscape
of a compound computationally, link it to crystal properties,
retrieve the crystallisation conditions of the desired form and
crystallise it. In practice, computationally generated polymorphic
landscapes are challenging, structure-property relationships are
not yet accurately predictable, we can rarely design crystallisation
conditions for the discovery of specific polymorphic forms and
crystallisation process design remains a challenging engineering
exercise. Whilst we have learnt so much in the last fifty years or
so, many fundamental questions remain open for us to solve in
the coming decades.
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