
  
 

 

Carrera 11 No. 86-53, Piso 3 
Edificio Segovia  
110221 Bogotá, Colombia 
T (+57) 1 618 10 88 
F (+57) 1 635 08 24 

clarkemodet.com 

P- 2021/36795 

 

 

SUPERINTENDENCIA DE INDUSTRIA Y COMERCIO  

DIRECCIÓN 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 ciudadanía número 39.808.557, 

abogada en ejercicio portadora de la tarjeta profesional número 141.563, actuando 

como apoderada de la sociedad AMGEN INC domiciliado en California, Estados Unidos 

de América, solicitante de la patente de referencia, en respuesta al oficio Nº 3985 

notificado electrónicamente el 26 de marzo de 2025, relativo a los requisitos sustantivos 

de la solicitud, respetuosamente me permito presentar la siguiente información: 

 

 

1. Modificación al capítulo reivindicatorio: 

 

Con fundamento en la facultad que confiere el artículo 34 de la Decisión 486 al 

solicitante para modificar la solicitud de patente en cualquier momento del trámite, 

presento junto a este memorial un nuevo capítulo reivindicatorio que consta de 

diecisiete (17) reivindicaciones, el cual reemplaza completamente el documento 

presentado el 12 de febrero de 2025. Específicamente, se realizaron las siguientes 

modificaciones: 

 

1.1 Se modificó la reivindicación 1 con el fin de: 

1.1.1 Hacer referencia a que el compuesto corresponde a la Forma I del 

antropoisómero M del Compuesto 1. Dicha modificación se 

sustenta en las páginas 37, 43 y Ejemplo 1 de la descripción. 

1.1.2 Reemplazar la referencia a que el número de picos del patrón de 

difracción de polvo de rayos X es “al menos tres” por el rango de 

“tres a dieciocho” de conformidad con los picos allí reclamados. 
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1.1.3 Reemplazar el término “usando” por “con” para referirse a que la 

difracción de polvo de rayos X se realiza con una longitud de onda 

de rayos X de 1.54 Å.  

1.1.4 Reemplazar la referencia a que el número de picos del RMN en 

estado sólido de 13C es de “al menos tres” por el rango de “tres a 

treinta y dos” de conformidad con los picos allí reclamados. 

 

1.2 Se eliminaron las reivindicaciones 2, 7, 11. Además se ajustó la 

numeración del documento. 

 

1.3 Se modificó la antigua reivindicación 4 (nueva reivindicación 3) con el fin 

de reemplazar la referencia a que el número de picos del patrón de 

difracción de polvo de rayos X es “al menos cinco” por el rango de “cinco 

a dieciocho” de conformidad con los picos allí reclamados. 

 

1.4 Se modificó la antigua reivindicación 5 (nueva reivindicación 4) con el fin 

de reemplazar la referencia a que el número de picos del patrón de 

difracción de polvo de rayos X es “al menos siete” por el rango de “siete a 

dieciocho” de conformidad con los picos allí reclamados. 

 

1.5 Se modificó la antigua reivindicación 8 (nueva reivindicación 6) con el fin 

de reemplazar la referencia a que el número de picos del RMN en estado 

sólido de 13C de “al menos cinco” por el rango de “cinco a treinta y dos” de 

conformidad con los picos allí reclamados. 

 

1.6 Se modificó la antigua reivindicación 9 (nueva reivindicación 7) con el fin 

de reemplazar la referencia a que el número de picos del RMN en estado 

sólido de 13C de “al menos siete” por el rango de “siete a treinta y dos” de 

conformidad con los picos allí reclamados. 

 

Estas modificaciones no amplían de ninguna manera la materia objeto de la presente 

solicitud, ya que se encuentran sustentadas tanto en la descripción 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 modificación a la 

solicitud, según lo establecido en la Resolución 59669 de 2020. 

 

Ahora, en relación con el número 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 capítulo reivindicatorio cuenta con un 

menor número de cláusulas que el presentado y estudiado anteriormente por su 

despacho. 

 

Por otra parte, es deseo del solicitante requerir que, si el examinador considera que aún 

existen motivos que impidan la concesión 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 concisión de las reivindicaciones 

 

El solicitante manifiesta que mediante la presentación del nuevo capítulo 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 invención descrita. Con respecto a las objeciones específicas del 

examinador, me permito manifestar lo siguiente: 

 

3.1 El examinador indica que el alcance de la reivindicación 1 y sus dependientes se 

refiere específicamente a la Forma I anhidra cristalina del atropisómero M del 

compuesto (1). Por tanto, solicita que se especifique expresamente esta forma 

para una definición más clara del material a proteger. 

 

Con el fin de facilitar la continuación del trámite, el solicitante ha decidido acoger la 

sugerencia del examinador y ha modificado la redacción de la reivindicación para 

especificar que el compuesto corresponde a la forma cristalina (Forma I) del 

atropisómero 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 atropisómero M del Compuesto 1. 

En este sentido, se solicita respetuosamente considerar superada la objeción 

correspondiente. 
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3.2 El examinador observa que la reivindicación 1 incluye tres características 

alternativas (a, b o c), lo cual genera ambigüedad respecto al alcance de la 

protección. Dado que se refiere a un único material, el examinador recomienda 

eliminar el carácter opcional y redactar la reivindicación de forma acumulativa. 

 

El solicitante manifiesta respetuosamente su desacuerdo con la objeción planteada. En 

este sentido, desea aclarar que el alcance de la reivindicación 1 es claro y se encuentra 

debidamente definido, ya que el compuesto al que hace referencia corresponde 

específicamente a la Forma I del atropisómero M del Compuesto 1. 

 

Asimismo, se precisa que dicha reivindicación establece tres métodos independientes 

para caracterizar e identificar la forma reivindicada. Cada uno de los métodos señalados, 

(a), (b) y (c), es, por sí solo, suficiente para identificar la forma cristalina objeto de 

protección. Cabe resaltar que los métodos indicados son técnicas reconocidas y 

ampliamente utilizadas en el campo de la ciencia del polimorfismo, siendo prácticas 

estándar en la caracterización de formas sólidas (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 válidas de caracterización que no se excluyen 

entre sí ni introducen ambigüedad 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 “o” resulta técnicamente adecuado 

y justificado. Por lo tanto, se solicita respetuosamente que la presente objeción sea 

retirada. 

 

3.3 El examinador objeta la reivindicación 1 por el uso de la expresión “...usando una 

longitud de...”, ya que puede interpretarse como una reivindicación de uso, lo 

cual no es patentable. Se sugiere suprimir dicha expresión y ajustar la redacción. 

 

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 expresión correspondiente 

indique que la difracción de rayos X en polvo se lleva a cabo con una longitud de onda 

de 1.54 Å. En este sentido, se solicita amablemente que la presente objeción 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 invención 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 trámite, se ha decidido modificar el capítulo 

reivindicatorio para eliminar el término “al menos”, sustituyéndolo por rangos concretos 

en relación con la cantidad de picos observados en el espectro de RMN en estado sólido 

de 13C y en el patrón de difracción de rayos X en polvo, según corresponda. 

 

Dichas modificaciones se detallan en la Sección 1 del presente escrito de modificación 

a las reivindicaciones. En este sentido, se solicita amablemente que la objeción sea 

considerada como superada. 

 

3.5 El examinador señala que las reivindicaciones 2, 7 y 11 repiten el material ya 

definido en la reivindicación 1 sin añadir características técnicas adicionales, 

generando falta de concisión. Se recomienda eliminarlas o redefinirlas con 

aportes técnicos concretos. 

 

El solicitante en este sentido manifiesta respetuosamente su desacuerdo, sin embargo, 

únicamente con el propósito de agilizar el trámite del presente expediente, el solicitante 

eliminó las reivindicaciones 2, 7 y 11. Por ende es posible considerar superada la 

presente objeción.  

 

3.6 El examinador considera que las reivindicaciones 3 a 7, así como 8 a 10, aunque 

están formuladas correctamente, se consideran redundantes, ya que protegen 

esencialmente la misma materia. De ahí que el examinador sugiere consolidarlas 

para mejorar la claridad y evitar repeticiones innecesarias. 

 

El solicitante manifiesta respetuosamente su desacuerdo con la objeción del 

examinador, toda vez que las reivindicaciones 3 a 7 y 8 a 10 corresponden a 

realizaciones preferidas de la invención. Dichas reivindicaciones especifican picos 

particulares dentro del patrón de difracción de rayos X en polvo y del espectro de RMN 

en estado sólido de 13C, los cuales son coherentes con el rango definido en la 

reivindicación independiente 1. 

 

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

que describen características estructurales particulares del compuesto objeto de 

protección, que el solicitante desea reivindicar como parte del alcance estructural 
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derivado de la reivindicación 1, de la cual dependen. Por lo anterior, se solicita 

respetuosamente que se retire la objeción formulada. 

 

3.8 El examinador indica que estas reivindicaciones 16 a 20 no están respaldadas 

suficientemente en la descripción, ya que no se evidencia una composición 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 objeción formulada por 

el examinador. Como se indicó previamente, los ejemplos incluidos en la solicitud tienen 

como objetivo ilustrar el desarrollo de la invención, sin limitar su alcance. Exigir que 

cada característica, compuesto o composición individual sea evaluado explícitamente 

para demostrar que forma parte de la invención constituye, a nuestro juicio, una 

interpretación excesivamente restrictiva e inconsistente con el marco normativo 

aplicable. 

 

En este sentido, reiteramos que la suficiencia de la descripción debe evaluarse a la luz 

de lo dispuesto en la página 124 de la Guía de Examen de Patentabilidad, la cual 

establece que: 

“Si en la descripción se omite información que es necesaria para poner en práctica 

la invención y que no puede ser suplida por el conocimiento general de la persona 

del oficio normalmente versada en la materia, se considerará que la invención no 

está suficientemente descrita”. 

 

Por lo tanto, la solicitud debe interpretarse desde la perspectiva de una persona con 

conocimientos técnicos en el área. En este caso, un experto en polimorfismo y desarrollo 

farmacéutico comprendería sin dificultad cómo formular una composición farmacéutica 

que contenga el compuesto reivindicado como principio activo, basándose tanto en la 

enseñanza incluida en la solicitud como en sus conocimientos generales. 

 

Desde esta óptica, una persona versada en la materia consideraría que la descripción 

brinda soporte suficiente, ya que no se limita a mencionar superficialmente las 

composiciones farmacéuticas. Por el contrario, la descripción ofrece una discusión 

detallada en distintas secciones, como el segundo párrafo de la página 14, las líneas 24 

de la página 15 hasta la página 16, así como las realizaciones 13 a 16 en la página 20. 

Estas secciones evidencian claramente que las composiciones farmacéuticas 



  
 

 

Carrera 11 No. 86-53, Piso 3 
Edificio Segovia  
110221 Bogotá, Colombia 
T (+57) 1 618 10 88 
F (+57) 1 635 08 24 

clarkemodet.com 

constituyen una modalidad integral de la invención y están respaldadas por el contenido 

técnico divulgado. 

 

Adicionalmente, cabe resaltar que según la Guía de Patentabilidad Colombiana de 2023 

(p. 108): 

“Si la reivindicación se refiere a “composición 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 

reivindicación dirigida a la composición farmacéutica que lo contiene como ingrediente 

activo debe entenderse como suficientemente sustentada, sin necesidad de mayor 

especificidad. Una persona con conocimientos en el área sabría incorporar los 

excipientes adecuados con base en la información divulgada y su conocimiento técnico. 

Por lo anterior, se solicita respetuosamente que se reconsidere la objeción formulada 

en relación con las reivindicaciones 16 a 20. 

 

En vista de lo anterior, las objeciones relacionadas con la claridad, la concisión y el 

soporte en la descripción del capítulo reivindicatorio, han quedado completamente 

superadas. 

 

4. Descripción  

 

El examinador indica que la descripción 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 cumpliría con las disposiciones del Art. 28 de la Decisión 

Andina 486.  

 

Objeciones del examinador:  

El examinador señala que la descripción no presenta evidencia técnica que respalde el 

desarrollo de una composición que combine el compuesto de la reivindicación 1 con un 

excipiente farmacéuticamente aceptable, tal como lo definen las reivindicaciones 16 a 

20. 

Aclara además que no se incluyen ejemplificaciones de dicha composición en el 

documento. Por lo tanto, una persona versada en la materia requeriría realizar una 
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cantidad excesiva e injustificada de ensayos de prueba y error para llevar a cabo la 

invención, lo que afecta el cumplimiento del requisito de suficiencia descriptiva. 

 

Argumentos del solicitante:  

 

En este sentido, manifestamos nuestro total desacuerdo con la objeción planteada, ya 

que, como se expuso en la Sección 2 del presente memorial, la suficiencia del soporte 

de la descripción debe evaluarse desde la perspectiva de una persona con conocimientos 

técnicos en el área. En este caso, un experto en polimorfismo y desarrollo farmacéutico 

comprendería sin dificultad cómo formular una composición farmacéutica que contenga 

el compuesto reivindicado como principio activo, basándose tanto en las enseñanzas 

incluidas en la solicitud como en su conocimiento general en el campo, sin requerir 

ejemplos explícitos para saber cómo estructurar adecuadamente una composición. 

 

Desde esta óptica, una persona versada en la materia consideraría que la descripción 

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 artículo 51 de la Decisión 486 establece que: 

“El alcance de la protección conferida por la patente estará determinado por el 

tenor de las reivindicaciones. La descripción, los dibujos y, en su caso, el listado 

de secuencias o el depósito de material biológico servirán para interpretarlas.” 

 

Este fundamento refuerza el argumento de que una persona experta, con base en su 

experiencia y en la información técnica contenida en la solicitud, incluyendo las 

múltiples realizaciones descritas, sabría determinar los excipientes adecuados para 

formular la composición reivindicada, incluso si estos no han sido ejemplificados 

expresamente. Por lo anterior, se solicita respetuosamente que se reconsidere la 

objeción formulada respecto a las reivindicaciones relacionadas con las composiciones 

farmacéuticas. 

 

De esta manera, la materia divulgada en la descripción ahora se relaciona de una 

manera más cercana con la materia definida en el capítulo reivindicatorio. Por lo tanto, 

la descripción proporciona toda la información necesaria para llevar a cabo la invención 

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

 

5. Nivel inventivo 
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El examinador ha indicado que las reivindicaciones 1 a 20 carecerían de nivel inventivo 

en vista de las enseñanzas del documento D1 (US2018334454A1) y D3 

(US2018362529A1). 

 

Con respecto a lo anterior, me permito resaltar las disposiciones del artículo 18 de la 

Decisión 486 de la Comisión de la Comunidad Andina, que establecen que “se 

considerará que la invención tiene nivel inventivo, si para una persona del oficio 

normalmente versada en la materia técnica correspondiente, esa invención no hubiese 

resultado obvia ni se hubiese derivado de manera evidente del estado de la técnica”. 

 

Lo anterior significa que el análisis de nivel inventivo NO es una comparación de los 

objetos de las anterioridades y la solicitud en estudio. Por el contrario, el análisis de 

nivel inventivo debe demostrar la obviedad de la invención y establecer cómo ésta no 

contiene un salto cualitativo, que demuestre su altura inventiva, teniendo en cuenta 

que se hace necesario demostrar que la invención analizada carece de nivel inventivo 

y hubiese sido obvia para una persona versada en la materia. 

 

El análisis del examinador 

 

El examinador considera que la invención definida en la reivindicación 1 carece de nivel 

inventivo frente al documento D1, identificado como el estado de la técnica más 

cercano. D1 divulga el compuesto base (6-fluoro-7-(2-fluoro-6-hidroxifenil)-...), 

incluyendo un atropisómero y su correspondiente sal farmacéuticamente aceptable, así 

como su utilidad como inhibidor de KRAS G12C en el tratamiento de diversos tipos de 

cáncer. 

 

La diferencia entre la invención y D1 radica en que la solicitud actual reivindica una 

forma cristalina específica (Forma I) del compuesto, caracterizada mediante un patrón 

de difracción de rayos X en polvo. Sin embargo, el examinador señala 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 comparación con la forma amorfa conocida. 

 

Adicionalmente, el documento D3 enseña métodos ampliamente conocidos para obtener 

y caracterizar formas sólidas cristalinas de compuestos farmacéuticos, incluyendo 

análisis 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 

tendría una motivación 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 modificación se considera una solución obvia. 

 

En cuanto a las reivindicaciones dependientes 2 a 15, el examinador señala que no 

aportan características adicionales que confieran nivel inventivo al compuesto de la 

reivindicación 1. Estas reivindicaciones se consideran redundantes o derivadas de lo ya 

conocido. 

 

Finalmente, la reivindicación 16, que se refiere a una composición 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 

específico atribuible a la composición reclamada. 

 

Argumentos del solicitante: 

 

El solicitante manifiesta su desacuerdo con la objeción del examinador. En primer lugar, 

el solicitante destaca que la identificación de formas particulares de un compuesto 

específico, como es el caso de la invención reivindicada, a pesar de lo afirmado por el 

examinador, ha sido y sigue siendo un proceso altamente impredecible, como lo 

evidencian diversas referencias científicas (véanse los documentos adjuntos): 

 

• Byrn et al. 1995 señalan que: “Las sustancias farmacéuticas sólidas exhiben una 

amplia y en gran parte impredecible variedad de propiedades en estado sólido.”. 

• 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 sólidos cristalinos más simples a partir del conocimiento de su 

composición química.” 
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• Bernstein, en su libro “Polymorphism in Molecular Crystals”, menciona que: 

“Aunque no sorprende que muchos materiales farmacéuticos importantes 

presenten polimorfismo, cada compuesto representa una nueva situación. 

Nuestro entendimiento sobre el fenómeno del polimorfismo aún no permite 

predecir con confianza si un compuesto será polimórfico, cómo obtener nuevos 

polimorfos, ni cuáles serán sus propiedades.” 

• Byrn et al., 1994, afirman que “existe muy poca información disponible que 

permita predecir de forma general la estabilidad de compuestos en estado sólido, 

y menos aún de sus diferentes formas sólidas o formulaciones.” 

• Más recientemente, Cruz-Cabeza et al. concluyen que, en teoría, se quisiera 

mapear computacionalmente el paisaje polimórfico de un compuesto y predecir 

sus condiciones de cristalización. Sin embargo, en la práctica, los modelos 

computacionales son complejos, las relaciones estructura-propiedad no son 

fácilmente predecibles, y el diseño racional de procesos de cristalización sigue 

siendo un reto ingenieril.  

 

Adicionalmente, como lo evidencian Byrn et al., muchos factores afectan la formación 

de formas polimórficas, tales como: composición y polaridad del solvente, concentración 

o sobresaturación, temperatura (incluyendo el perfil y la tasa de enfriamiento), aditivos, 

semillas, pH y agitación. Por ende, la combinación de estos factores genera un número 

prácticamente infinito de posibilidades. Por tanto, descubrir la existencia de una forma 

cristalina específica y cómo obtenerla implica un esfuerzo significativo y enfrentar 

obstáculos 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 están 

disponibles, no existe guía alguna que permita a la persona versada en la materia 

seleccionar condiciones que conduzcan al descubrimiento de una forma polimórfica 

específica, y mucho menos de una adecuada para el desarrollo farmacéutico, como es 

el caso de la forma cristalina específica del atropisómero M del Compuesto 1 

reivindicado, y con una expectativa razonable de éxito. Esta conclusión también se ve 

respaldada por la información contenida en la descripción de la solicitud. 



  
 

 

Carrera 11 No. 86-53, Piso 3 
Edificio Segovia  
110221 Bogotá, Colombia 
T (+57) 1 618 10 88 
F (+57) 1 635 08 24 

clarkemodet.com 

A pesar de esta falta de orientación en el arte previo, el solicitante diseñó y ejecutó un 

exhaustivo estudio de cribado de polimorfos y sales del compuesto AMG 510 (ver último 

párrafo de la página 41 de la descripción). Se identificaron numerosas formas salinas, 

anhidras, hidratadas y solvatadas. La solicitud describe específicamente 17 ejemplos 

que resultan en diferentes formas del atropisómero M del compuesto 1. Cabe destacar 

que la mayoría 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— presentó características adecuadas para el desarrollo. 

 

Tal como se detalla en la pagína 42 de la solicitud, la Forma I del atropisómero M del 

Compuesto 1 presenta propiedades sorprendentes y no previsibles, siendo la forma 

polimórfica más termodinámicamente estable. También es menos higroscópica que las 

Formas II y III, estable química y físicamente en estado sólido, resistente a condiciones 

de estrés durante 14 días, y compatible con excipientes durante al menos 4 semanas. 

Además, mostró estabilidad frente a luz UV y visible. AMG 510, también conocido como 

sotorasib, fue aprobado en diversos países, incluyendo EE. UU., como el primer 

tratamiento dirigido para cáncer de pulmón no microcítico localmente avanzado o 

metastásico con mutación KRAS G12C. 

 

Más aún, la Forma I, tal como se describe y reclama, no fue obtenida por métodos 

rutinarios, como lo afirma erróneamente el examinador. De acuerdo con el ejemplo 2 

de la página 44 de la solicitud, la Forma I anhidra se obtuvo en un proceso de tres 

pasos: (1) conversión del atropisómero M a forma amorfa; (2) conversión de la forma 

amorfa en la Forma II anhidra; y (3) conversión de la Forma II en la Forma I mediante 

tratamiento en agua a 90 °C por 2 horas y posterior agitación. Cada paso requirió 

condiciones específicas y no evidentes. 

 

Por tanto, la obtención 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 invención tal 

como está definida frente a los documentos D1 y D3, y que la objeción sea retirada. 
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Teniendo en cuenta lo anteriormente expuesto, queda claro que las características 

técnicas de la materia definida en el capítulo reivindicatorio presentado junto al presente 

memorial no se derivan de manera obvia o evidente de las enseñanzas de D1 y D2. Por 

lo tanto, el objeto reclamado cumple con el requisito de Nivel inventivo establecido en 

el Art. 18 de la Decisión 486. 

 

 

6. Conclusión 

 

Con las modificaciones introducidas y los argumentos presentados puede concluirse 

que: 

 

i) El nuevo pliego reivindicatorio se ajusta a las disposiciones del Artículo 34 de la 

Decisión 486/00; 

 

ii) La invención de la presente solicitud es clara y cuenta con el debido sustento en 

el capítulo descriptivo, a la vez que se encuentra divulgada de manera 

suficientemente completa, cumpliendo así con los requerimientos de los Artículos 

30 y 28 de la Decisión 486; 

 

iii) La invención de la presente solicitud no resulta obvia ni se derivada de manera 

evidente del estado de la técnica, cumpliendo así con los requerimientos del 

Artículo 18 de la Decisión 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 Decisión 486 de 2000. 

 

Asimismo, respetuosamente solicito a ese Despacho pronunciarse en relación con todos 

los argumentos presentados en este memorial dando estricta aplicación al principio del 

debido proceso consagrado en el artículo 29 de la Constitución Nacional. 

 

7. Anexos 

 

- Nuevo capítulo 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, págs. 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, Capítulo 7, 

p. 241), 

- Byrn et al., en otro artículo (“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. 

 

 

Señora Directora, 
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REIVINDICACIONES 

 

1. Un compuesto, en donde el compuesto es una forma cristalina del 

atropisómero 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 antropisómero M del Compuesto 1), donde 

el compuesto está caracterizado por a) un patrón de difracción 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 según lo medido por difracción de polvo de 

rayos X con una longitud de onda de rayos X de 1.54 Å; o b) una RMN en estado 

sólido 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 sólido de 19F que comprende picos a -109 y -120 ppm. 

 

2. El compuesto de la reivindicación 1, en donde el compuesto está 

caracterizado por un patrón de difracción de polvo de rayos X que comprende 

picos a 9.0, 12.0, 12.6, y 19.0 ± 0.2 grados 2 theta según lo medido por 

difracción de polvo de rayos X con una longitud de onda de rayos X de 1.54 Å.  

 

3. El compuesto de la reivindicación 1, en donde el compuesto está 

caracterizado por un patrón de difracción 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 según lo medido por difracción de polvo de rayos X con una 

longitud de onda de rayos X de 1.54 Å.  

 

4. El compuesto de la reivindicación 1, en donde el compuesto está 

caracterizado por un patrón de difracción 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 según lo medido por difracción de polvo de rayos X con una 

longitud de onda de rayos X de 1.54 Å.  

 

5. El compuesto de la reivindicación 1, en donde el compuesto está 

caracterizado por un patrón de difracción 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 según lo medido por 

difracción de polvo de rayos X con una longitud de onda de rayos X de 1.54 Å.  



 
 

6. El compuesto de la reivindicación 1, en donde el compuesto está 

caracterizado por una RMN en estado sólido de 13C 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 reivindicación 1, en donde el compuesto está 

caracterizado por una RMN en estado sólido de 13C 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 reivindicación 1, en donde el compuesto está 

caracterizado por una RMN en estado sólido de 13C 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 reivindicación 1, en donde el compuesto está 

caracterizado por una RMN en estado sólido de 19F que comprende picos a -49, 

-60, -79, -90, -109, -120, -138, -150, -168, y -179 ppm según 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 está caracterizado por un termograma de calorimetría 

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 está caracterizado por un termograma de análisis 

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 composición farmacéutica que comprende el compuesto de una 

cualquiera de las reivindicaciones 1-12 y un excipiente farmacéuticamente 

aceptable. 

 

14. La composición farmacéutica de la reivindicación 13, donde la 

composición farmacéutica es una forma de dosificación para administración oral. 



 
 

15. La composición farmacéutica de la reivindicación 14, donde la 

forma de dosificación es una forma de dosificación sólida. 

 

16. La composición farmacéutica de la reivindicación 15, donde la 

forma de dosificación es un comprimido. 

 

17. La composición farmacéutica de una cualquiera de las 

reivindicaciones 13-16, donde la composición farmacéutica comprende 120 mg 

del compuesto. 
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A B S T R A C T   

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 19F 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 Ångström 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 

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 API, 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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(ssNMR) 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 ssNMR 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 ½ nuclei, including 1H, 13C, 15N, 19F, and 31P. 1H 
detection has not yet become a routine practice in material character
izations, even though fast magic angle spinning (MAS) enables 1H-based 
methods. Commonly used 13C and 15N 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 (γ) and 
100% natural abundance (compared to 13C at 1.07% and 15N at 0.37%). 
The NMR receptivity of 19F is only 1.2-fold weaker than that of 1H and 
roughly 4900-fold stronger than 13C’s. Moreover, 19F resonance is also 
quite sensitive to the local structural and electronic environment around 

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 19F ssNMR in 
the pharmaceutical analysis [39,40]. 

19F 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]. 19F 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 19F 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 19F 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 19F 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 19F 
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 

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. 
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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. 2O 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 19F 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, 19F ssNMR has 

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. 
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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]. 19F 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 19F 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 
2D19F MAS ssNMR experiments [52]. Moreover, Moseson et al. 
demonstrated that 19F MAS ssNMR offers high sensitivity in determining 
the crystallinity of bicalutamide (BCL) produced by different 

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 19F 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 19F 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 19F 
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 19F 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 13C 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 13C acqui
sition. Moreover, the signal from pharmaceutical excipients can dominate 
the overall 13C spectrum, resulting in peak overlaps [88]. 19F ssNMR pro
vides an alternative for the quantitative studies of fluorinated pharma
ceuticals. Advantages include: (1) 19F 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, 19F 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 (T1 
and T1ρ) 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 19F ssNMR is a robust technique to 

Fig. 3. 19F 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) 19F ssNMR spectra of bicalutamide crystalline form I 
of different lots prepared by different recrystallization methods [80]; (C) 19F 
ssNMR spectra of crystalline (form I and X) and amorphous atorvastatin cal
cium [84]; Superimposed 19F 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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quantify different crystalline API forms. For example, 19F 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 
1H–19F cross polarization (CP) MAS peak area and mass of the analyte in 
the slurry suspension. 1H–19F 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, 19F 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 

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. 19F 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. 19F 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 19F 
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, 19F ssNMR successfully distinguished 0.9%, 1.0%, and 1.2% 
crystallinity for sample 59–4 at time zero (T0) 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 T1 and T1ρ 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 19F ssNMR to quantify the 
crystallinity of MK-P in ASD [109]. 19F DPMAS and CPMAS can reliably 
quantify 0.1% w/w crystalline. Compared to DSC and PXRD, 19F 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 T1ρ-filtered 

Fig. 4. 19F 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 19F DPMAS 
spectra of flutamide ASDs at different days of accelerated storage conditions 
(right) [81]; (C) 1H–19F CPMAS spectra of 0.04% w/w crystalline MK-P spiked 
ASD sample in the presence and absence of T1ρ filtration (left) and the cali
bration curve of 1H–19F T1ρ-filtered quantification method (right) [109]; 
Figures were reproduced with permission from Elsevier and the American 
Chemical Society. 
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1H–19F 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, 19F 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 T1 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 T1 relaxation times of pure ingredients are 
substantially different for the separation. In the study, the authors per
formed 19F T1 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 T1 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 T1 relaxation times, a high correlation coefficient of 
R2 = 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 T1 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 1H 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, 

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 π 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 π 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 γIγS, where γI and 
γS are the gyromagnetic ratio of spin I and S. Therefore, for spin-1/2 
nuclei with low γ values such as 13C, 15N, and 31P, 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 γ because of the reduced dipolar 
interaction. In this regard, 19F is a nucleus that can increase the distance 
reach of ssNMR. 19F has a 3.7-fold higher γ than 13C, 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 Å by RFDR in 
fluorinated organic compounds with a precision of 1 Å and 2 Å for short- 
and long-range distances, respectively [133]. Moreover, Roos et al. 
utilized 19F spin-exchange NMR to measure the interatomic fluorine 
distance up to 16 Å, which provides valuable information on distance 
constraints in studying the structure of pharmaceutical and biological 
compounds [134]. In contrast, the maximum 13C–13C distance that 
RFDR can measure is only roughly 7 Å [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 13C–19F REDOR method to measure intermolecular 
13C–19F distances of a mixture of 13C- and 19F-labeled envelope protein E 
of the SARS-CoV-2 virus. A total of 35 interhelical 13C–19F 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 19F 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 HCl by 
2D ssNMR and DFT calculations of chemical shielding. 19F–19F 
cross-polarization dipolar-assisted rotational resonance (CP-DARR) and 
1H–19F–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, 19F, and 15N 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 19F–13C HETCOR spectrum, where two sets of 
19F–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 19F 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 
19F spectrum. However, utilizing the 1D 19F delays alternating with 
nutation for tailored excitation (DANTE) pulse sequence, two CF3 groups 
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in mefloquine showed multiple resolved 19F 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 19F 
RFDR experiments were applied. A total of 8 different 19F–19F 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 19F 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, 

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 19F 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 19F–19F homonuclear corre
lation and 19F–1H 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 13C–19F HETCOR 
and 19F–13C CPMAS experiments with short and long mixing times in 
crystalline and amorphous POSA. In the 19F–13C 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 

Fig. 5. 19F NMR investigation of crystallographically 
inequivalent sites and resonance assignment. (A) 
1H–19F–13C DCP-HETCOR spectrum of form I of 
ronacaleret HCl obtained using a 2-ms 1H–19F contact 
time and a 6-ms 19F–13C contact time for 2D dipolar 
correlation between 19F and 13C spins [137]; (B) 1D 
19F CPMAS and 19F–13C HETCOR spectra of atorvas
tatin calcium form I showing two distinguishable 
fluorine resonances [50]; (C) 1D 19F DANTE selective 
excitation of the 8CF3 resonance at 15.9 ppm and 
2CF3 resonance at 8.8 ppm; 2D 19F–19F RFDR spectra 
with various mixing times, unraveling intramolecular 
and intermolecular 19F–19F correlations; Intra- and 
inter-molecular 19F–19F distances in the crystal 
structure of mefloquine. 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 
19F–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 13C–19F 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, 19F 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 19F–13C HETCOR experiments with different CP 
contact times to distinguish short- and long-range 19F–13C 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 
19F–13C 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 19F–13C distances <6 Å 
between mefloquine molecules were also uncovered. Overall, the 
19F–13C HETCOR experiments can detect intra- and intermolecular dis
tances of as long as 6.8 Å, 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 19F 
DANTE-RFDR experiments revealed the 19F–19F distances between the 

two crystalline polymorphs. As shown by the RFDR magnetization ex
change curves in Fig. 7B, distinct 19F–19F distances were observed. The 
simulated distances for the deshielded (I and II) and shielded (III and IV) 
fluorine were 2.9 and 10 Å, respectively. In addition, 2D 1H–19F and 
1H–13C–19F HETCOR experiments were further performed and different 
1H–19F and 13C–19F 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. 19F ssNMR has been primarily 
demonstrated in probing various atomic-level interactions between drug 
and polymer, such as hydrogen bonding, π-π interaction, etc. [26,146, 
152,164]. 

For example, in Fig. 8A, Abraham and Crull applied 19F–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 NH2 group of 
avagacestat, where the NH2 is spatially close to the CF3 group. Similarly, 
Lu et al. utilized 19F–13C CPMAS and 1H–19F 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 (COH) in HPMCAS showed up in ASD at a 
long mixing time, which indicates the intermolecular contacts between 
POSA fluorine and HPMAS COH. Moreover, by comparing 1H–19F HET
COR spectra of amorphous POSA, HPMCAS, and POSA-HPMCAS 
dispersion, the appearance of the proton peak at ~4 ppm in ASD 

Fig. 6. Investigation of drug-drug interactions in 
crystalline and amorphous POSA using 19F ssNMR. 
(A) 2D 1H–1H and 1H–19F correlation spectra of 
crystalline and amorphous POSA, revealing the 
“head-to-tail” molecular packing in both forms [149]; 
(B) Elucidation of intramolecular 13C–19F contacts by 
2D 13C–19F HETCOR experiment with short contact 
time; 1D 19F–13C CP spectra of crystalline and amor
phous POSA with the short and long contact time, 
revealing the missing "head-to-head" molecular 
packing mode in the amorphous form [149]; (C) 
Semiquantitative evaluation of 13C–19F distances in 
crystalline POSA from 13C–19F CP build-up curves 
[152]; (D) 13C–19F REDOR dephasing curves and 
simulations for measuring intramolecular (C5–F2 and 
C16–F) and intermolecular (C23–F1 and C49/51− F1) 
distances in crystalline POSA [152]. Figures are 
reproduced with permission from the American 
Chemical Society.   
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further suggested the interaction between POSA difluorophenyl group 
and polymer hydroxyl groups. This 1H–19F correlation provided direct 
evidence of the formation of hydrogen bond O–H ⋯ F–C between POSA 
and HPMCAS. In the same study, 19F–13C REDOR experiments were also 
performed to quantitatively measure the distances between the fluorines 
in POSA and COH 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–19F distances are 
4.3 ± 0.2 Å and 4.5 ± 0.4 Å, respectively. Fig. 8C presents the two 
scenarios of the formation of hydrogen bonds in POSA-HPMCAS 
dispersion based on the 13C–19F 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, π 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, 

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 Tg 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 1H T1 and T1ρ experiments are often utilized, where a single 
homogeneous 1H T1 and T1ρ usually suggests good miscibility with 
domain sizes of 20–100 and 1–20 nm, respectively [26,35,179]. Such 1H 
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 1H 
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 1H 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 1H 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 T1 or T1ρ 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 13C detected experiments could not confidently measure the 
T1 or T1ρ values. In such cases, multinuclear detected 1H relaxation time 
analysis can be employed to assess the miscibility. For example, the 19F 
detected 1H relaxation analysis could be conducted for fluorinated APIs, 
while the analysis of pharmaceutical excipient can be accomplished by 
13C detection. If statistically similar 1H 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 19F- and 
13C-detected 1H T1 experiments were utilized to probe the 1H T1 values 
of fluorinated API voriconazole and polymer PVP K30, respectively. The 
same 1H T1 values from two experiments indicate good miscibility be
tween voriconazole and PVP K30. However, in the same study, a devi
ated 1H T1 value obtained from 23Na 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 β-cyclodextrin [188]. 
Because of the weak 13C NMR intensity of diflunisal, the 1H T1 mea
surements of diflunisal were carried out with 19F detection. Only 2 h of 
acquisition is required for 19F-detected 1H T1 measurement for diflu
nisal, while 22 h is needed for 13C detection of β-cyclodextrin [188]. 
Statistically different 1H T1 values were observed for diflunisal and 
β-cyclodextrin, indicating a certain degree of heterogeneity in such a 
drug delivery system. Furthermore, the 19F-detected relaxation mea
surements were applied to examine the miscibility of ezetimibe confined 
in mesoporous silica materials. The 19F- and 29Si-detected 1H T1 exper
iments were able to probe the miscibility of amorphous ezetimibe and 
two mesoporous silica materials, SY350 and SY740 [189]. Similar 19F- 

Fig. 7. Investigation of drug-drug interactions in mefloquine and levofloxacin 
using 19F ssNMR. (A) 19F–13C HETCOR spectra of mefloquine acquired with 
various CP contact times with 19F decoupling; Short- and long-range intra- and 
inter-molecular 19F–13C distances in the mefloquine crystal structure [36]; (B) 
Experimental and simulated 19F DANTE-RFDR exchange curves for fluorine 
pairs I− II (left) and III-IV(right) in levofloxacin; X-ray structure of levofloxacin, 
depicting short-range 19F–19F interactions as observed in 19F DANTE-RFDR 
spectra [52,153]; Figures reproduced with the permission from the American 
Chemical Society. 
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and 29Si-detected 1H T1 values were obtained in ezetimibe-SY350 
composite, indicating no phase separation in this drug-silica disper
sion. In contrast, different 1H T1 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]. 19F ssNMR was re
ported able to probe the mobility of APIs in ASDs. For instance, Aso et al. 
measured 19F T1 values of flufenamic acid (FLF) in solid dispersions with 
two different polymer excipients, hydroxypropyl methylcellulose (HPMC) 
and PVP [192]. The correlation time, τ, derived from T1 or T1ρ, can 
represent the degree of rotational molecular mobility. It was found that the 
τ 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 19F T1 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 T1 of flutamide gradually increases and reaches 

the same level as the bulk flutamide crystal, suggesting the recrystallization 
of flutamide along with the decrease of molecular mobility. By combining 
results from 19F T1 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. 19F relaxation was also attempted to study the mobility of 
fluorinated drug molecules confined in porous materials. For example, 
Vogt et al. measured 19F T1 and T1ρ relaxation times of ezetimibe to analyze 
its mobility difference in SY350 and SY740 silica materials [189]. The 
shorter T1ρ 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 19F relaxation measurements provides mechanistic in
sights into stabilizing pharmaceutical amorphous materials imparted by 
either polymeric excipients or mesoporous silica nanoparticles. Besides 
relaxation measurements, 19F 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 19F 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. 

Fig. 8. Investigation of drug-polymer interactions 
using 19F ssNMR. (A) 2D 19F–13C HETCOR spectrum 
of the avagacestat-HPMCAS dispersions with CP 
contact time of 2 ms [164]; (B) 1D 19F–13C CP spectra 
of amorphous POSA, HPMCAS, and 30 wt% 
POSA-HPMCAS dispersion, revealing the intermolec
ular interaction between POSA and HPMCAS [146]; 
2D 1H–19F 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 
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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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 19F 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 

[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]. 19F 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 19F 
ssNMR to study the physical states of ezetimibe loaded in mesoporous 
silica materials [189]. The 19F 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 19F–29Si, 
1H–19F, and 1H–29Si heteronuclear correlation experiments. The 
19F–29Si CPMAS spectrum of ezetimibe in SY740 is similar to that of 
1H–29Si, which indicates proximity between all silicone sites (Qx, 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 19F 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 19F 

Fig. 9. Characterization of drug molecules in various 
drug delivery systems using 19F ssNMR. (A) 1D 19F 
CPMAS spectra of crystalline ezetimibe monohydrate, 
amorphous ezetimibe, and amorphous ezetimibe 
loaded in mesoporous material SY740 [189]; (B) 
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 19F ssNMR spectra (bottom) 
[208]; (C) 2D 13C–1H HETCOR spectra of crystalline 
abiraterone API, HPBCD, and the Lot 3 KSD (left) 
[218]; Inclusion of a drug molecule in the cavity of 
cyclodextrin and 1H–19F CP-HETCOR spectrum of a 
coground 1:2 molar ratio mixture of diflunisal and 
β-CD [188]; (D) Molecular packing of flutamide in 
ASD from 19F CODEX; Orientations of flutamide 
molecule packed randomly (top); Flutamide-rich 
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 13C 
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 13C ssNMR to investigate the molecular interaction between 
abiraterone and hydroxypropyl β-cyclodextrin (HPBCD) in a KinetiSol® 
processed solid dispersions (KSDs) [218]. Fig. 9C (left panel) presents 
the 1H–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 13C detection, 19F ssNMR was also 
involved in the characterization of drug-CD complexes. In a study by 
Vogt et al., 1H, 13C, 19F, and 31P ssNMR were employed to study the 
inclusion of different drug molecules in a variety of CDs [188]. 1H–19F 
CP-HETCOR experiment was utilized to validate the inclusion of diflu
nisal, a fluorinated API, in the cavities of three different CDs, α-CD, β-CD, 
and SBE-β-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 Å 
range. Among three CDs, β-CD, SBE-β-CD clearly showed such correla
tion peaks, suggesting successful inclusion of diflunisal within the cavity 
of these two macromolecules. In contrast, no such 1H–19F correlation 
was observed in α-CD and the inclusion of the drug in α-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 19F ssNMR. 19F DPMAS 
spectrum of the coground 1:2 molar ratio mixture of diflunisal with β-CD 
suggested 28% of the diflunisal formed the drug-CD complex. This was 
also proved by a strong correlation between aliphatic protons of β-CD 
and fluorine of diflunisal in the 2D 1H–19F 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 

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 19F 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 19F have benefited 19F-CODEX as a 
powerful technique for spin counting. Xue et al. have utilized 19F CODEX to 
elucidate the oligomerization of organic compounds in their crystalline 
forms [226]. This 19F 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. 19F 
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, 19F CODEX shows a dephasing at 1/20. As illustrated 
in Fig. 9D, a randomized molecular packing model is utilized to fit the 19F 
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 1H T1ρ 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. 19F 
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 19F ssNMR. As shown in Fig. 10A, the 19F–19F 
dipolar coupling in the trifluoromethyl group was measured by 19F CSA 
and 2D dipolar chemical-shift (DIPSHIFT) correlation experiment under 
static conditions. Such information of 19F–19F 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, 19F 
ssNMR has been widely utilized to investigate the mechanism of AMPs. 
Fig. 10B shows a study by Toke et al., which used 19F 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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REDOR, CODEX experiments were also able to provide information on 
the interaction between AMP and lipid membranes. For example, Buffy 
et al. presented a19F 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 19F 
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 19F 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 19F CODEX 
intensities of 4–19F-Phe7 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 Å 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 19F REDOR internuclear distance measurements, 
Kim et al. studied the binding site of the peptidoglycans to [19F]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 [19F]oritavancin binding 
to the cell walls based on all the 19F–13C and 19F–15N 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 18F-containing positron emission tomography (PET) tracers. 
A recent study by Duan et al. demonstrated the capability of using 19F and 
13C ssNMR to probe the binding sites of flutemetamo, a PET imaging agent, 
to an Alzheimer’s β-amyloid peptide (Aβ40) [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 β-sheet surface in Aβ40. 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. 

7. Sensitivity enhancement of 19F MAS NMR 

Strong homonuclear 19F–19F and heteronuclear 19F–1H 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 19F ssNMR. Moreover, as ASD 
becomes increasingly popular in formulation development, the broad 
spectra feature and low peak intensity present challenges for 19F ssNMR in 
the characterizations of amorphous pharmaceuticals [26]. Additionally, 
the sensitivity can also be an issue for 19F 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 19F 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 19F 
ssNMR. 

7.1. Fast and ultrafast MAS 

Strong spin interactions can be troublesome for 19F ssNMR in the 
pharmaceutical analysis of fluorinated compounds. Generally, high- 
power homo- and heteronuclear 1H, 19F, and 13C decoupling are often 
required in 19F 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 19F 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 19F 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]. 

Fig. 10. Molecular mechanism of drug actions. (A) 
The geometry of magnetically oriented bicelles con
taining PMX30016 and measurements of 19F CSA of 
trifluoromethyl group in PMX30016; 2D 19F homo
nuclear DIPSHIFT spectrum and pulse sequence of 
PMX30016 in aligned DMPC/6-O-PC bicelles, where 
the obtained dipolar coupling was utilized to generate 
the best-fit for the orientation of PMX30016 in lipid 
membranes [240]; (B) 13C–19F REDOR dephasing 
curves of K3 peptides in lipid bilayers at a 
lipid-to-peptide molar ratio (L/P) of 20 and 40 and 
cross-section view of the cartoons of the K3 pore 
model [231,232]; (C) Normalized CODEX intensities 
as a function of mixing time for 4-19F-Phe7 penetratin 
in the lipid membrane and the three-spin geometry 
with unequal distances used to obtain the solid-line 
best-fit curve [225]; (D) 13C–19F REDOR dephasing 
curves as a function of dipolar evolution time for 
complexes of [19F]oritavancin with whole cells and 
cell walls of Staphylococcus aureus and the model of 
[19F]oritavancin binding to the peptidoglycans in cell 
walls [238]. Figures are reproduced with permission 
from the American Chemical Society and Elsevier.   
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In the past decade, fast MAS representing the sample-spinning rate at 
VR ≥ 60 kHz has further averaged the dipolar couplings to a greater 
extent. The remarkable gain of sensitivity and resolution has further 
advanced 19F 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 
19F–1H–1H and 19F–19F–1H correlation experiments to analyze the 
structural difference between the aprepitant API and its nanoparticulate 
formulation, EMEND®. As shown in Fig. 11A, the 2D 1H–19F 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 (T1). This situation is even worse for 19F ssNMR 
considering the relatively long T1,F than T1,H, leading to time-consuming 
spectral acquisition. Paramagnetic relaxation enhancement (PRE) has 
been described as a practical approach to reducing T1, and therefore, the 

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 T1,F of POSA was shortened by 3-fold at no expense 
of structural change, enabling a 3-fold faster 19F 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 1H–19F 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 19F 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 Vr = 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 1H decoupling. The 
linewidth was decreased by ca. 1.3-fold when increasing the MAS rate 
from 60 to 111 kHz without 1H decoupling. Moreover, in their study, the 
1H–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 19F–19F 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 19F 

Fig. 11. 19F ssNMR spectral improvement using fast 
MAS and DNP in pharmaceutical applications. (A) 
The sensitivity and resolution enhancement of 19F 1D 
spectra of crystalline aprepitant at different MAS 
frequencies ranging from 8 to 65 kHz (top); 3D 
spectra of 19F–1H–1H correlation experiments of 
nanoparticulate formulation of aprepitant and the 
extraction of 2D 1H–19F planes of crystalline aprepi
tant and its nanoparticulate formulation (bottom) 
[71]; (B) 19F magnetization build-up curves of crys
talline POSA with and without the doping of Cu (II) 
and 19F 1D spectra collected under spinning rate of 12 
and 60 kHz (top); 2D 1H–19F HETCOR spectra ac
quired with short (50 us) and long (1000 us) contact 
time at MAS of 60 kHz (bottom) [245]; (C) 19F 1D 
spectra of atorvastatin sample 1 acquired at MAS 
frequencies ranging from 60 to 111 kHz (left); 1H–19F 
HETCOR spectra of atorvastatin sample 1 (magenta) 
and 2 (grey) and 19F–19F RFDR spectra of sample 2 
collected under UFMAS (right) [52]; (D) 19F Hahn 
echo spectra of 5-fluorouracil with and without DNP 
enhancements for two different concentrations of 
fluorine, 230 (top) and 2 μmol (bottom) [260]. 
Figures reproduced with permission from the Amer
ican Chemical Society, Royal Society of Chemistry, 
and John Wiley & Sons.   
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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 19F 
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 1H 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, 15N, 35Cl, 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 15N signal enhancement 
by DNP, which allows the complete chemical shift assignments of 15N 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 19F 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 19F–13C CPMAS. In the study, besides the sample with a 
high concentration (230 μmol of fluorine), a low concentration sample 
(2 μmol 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 19F 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 19F–13C HETCOR spectra, providing a wealth of informa
tion on distance constraints for the protein structural analysis. These two 
examples demonstrate that 19F 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 19F ssNMR. The sensitivity enhance
ment offered by DNP and 19F 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, 19F ssNMR has become an 
efficient analytical technique to characterize fluorine-containing drug 
substances and drug products. As a versatile and high-resolution 

technique, 19F 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. 19F 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 19F ssNMR by significantly 
improving the spectral resolution and sensitivity, which enables the 
characterization of fluorinated drug substances even at notably low drug 
loadings. Besides, 19F ssNMR has a high potential to be implemented as 
an automatic and high-throughput method for pharmaceutical analysis. 
Moreover, we foresee that many 19F methods in the studies of NMR 
crystallography will be utilized to investigate the structure-function 
relationship of amorphous pharmaceuticals. 
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13C Solid State Nuclear Magnetic Resonance as a Tool 
for Studying Polymorphism in Pharmaceuticals

Mini Review
NMR is one of the most versatile techniques for structural 

characterization. In addition, 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 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: 

𝐻𝑅𝑀𝑁= 𝐻𝑍+𝐻𝑅𝐹+𝐻𝐽+𝐻𝐷+𝐻𝐷𝑄+𝐻𝑄                    Equation 1

Where Hz is Zeeman Hamiltonian, HRF radiofrequency 
Hamiltonian, HJ 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  

 
ωo, 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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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.
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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 13C, 31P and 29Si 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 13C and 15N, 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 1H-13C [1,2] 
(Figure 1,2).

Figure 1: (a) 13C solid-state NMR chemical shifts in different functional groups; (b) 13C solid-state NMR chemical shifts in the same functional 
groups as (a) but illustrating anisotropic interactions [1].

Figure 2: 31P solid-state NMR spectra obtained for Na4P2O7.10H2O 
as a function of rotational speed [1].

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 13C CPMAS spectra of the different 
formulated products. Polymorphic forms were easily identified in 
pharmaceutical formulations by comparing the 13C 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 13C chemical shifts of 6-aminopenicilanic 
acid (6-APA). This is an intermediate in the industrial preparation 
of beta-lactam penicillin’s [11]. SKOTNICKI et al. (2016) 
characterized two forms of valsartan IFA, an antihypertensive drug, 
by solid-state NMR [12]. From the 13C CPMAS NMR spectra it was 

https://protect.checkpoint.com/v2/___http://dx.doi.org/10.33552/APPR.2019.02.000543___.YzJlOmNsYXJrZW1vZGV0c3BhaW46YzpvOjZiYTZmNzdiYTE4NDY1ZWE1NTgxMDNiNzZmZTNkODNiOjY6ZWZjZDo3ZDgzZmE2NWUxMGZkNThlOWY0ODNhMWE3NTRkOWI3Y2EyMjk3OTFhODU0MDM2ZjM4ZDVjOTcwYjMzMWNlYzhhOnA6RjpO


Citation: Rosane Aguiar da Silva San Gil, Eduardo Gomes Rodrigues da Sousa. 13C Solid State Nuclear Magnetic Resonance as a Tool for 
Studying Polymorphism in Pharmaceuticals. Arch Phar & Pharmacol Res. 2(4): 2019. APPR.MS.ID.000543. 
DOI: 10.33552/APPR.2019.02.000543.	

Archives of Pharmacy & Pharmacology Research                                                                                                              Volume 2-Issue 4

Page 3 of 5

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).

Figure 3: 13C CPMAS NMR Spectrum: (a) Formulated products containing HSCL1 polymorph and (b) Formulated product containing HSCL2 
polymorph [10].

Figure 4:13C 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 13C 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. 13C 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.

Figure 5: 13C CPMAS NMR spectra of forms II, III and carvedilol hydrate [13].

Figure 5: 13C NMR spectra of EFZ samples: (a) EFZ/NPR, CDCl3 solution; (b) EFZ/NPR, CPMAS; (c) EFZ/MIC, CPMAS; and (d) EFZ/HEPT, 
CPMAS. *denotes spinning side bands [14].
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Pharmaceutical Solids: A Strategic Approach to 
Regulatory Considerations 

Stephen Bym,l·4 Ralph Pfeiffer, 1 Michael Ganey, 2 '
3 Charles Hoi berg, 2 and 

Guirag Poochikian2 

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

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

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

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

Solid drug substances display a wide and largely unpre­
dictable variety of solid state properties. Nevertheless, ap­
plication of basic physicochemical principles combined with 
appropriate analytical methodology can provide a strategy 
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2 Division of Oncology and Pulmonary, Food and Drug Administra­
tion, 5600 Fishers Lane, Rockville, Maryland 20857. 
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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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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. It is clear that 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 drug in 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 
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which tend to be more soluble, more prone to moisture 
uptake, and less chemically stable than their crystalline 
counterparts (pharmaceutical processing operations may 
produce solids of low crystallinity intermediate between 
that of a crystalline solid and an amorphous solid). 

To be sure, differentiating among the various solid 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 the solid 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. Kinetics involving the solid 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 more random. 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 
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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, the stability 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 a minimum, the investigator must 
therefore first identify and obtain certain physicochemical 
data on each relevant solid form: 

• transition temperature(s) between polymorphs 
• 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. As discussed in the previous section, 
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. 
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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.1·2 

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. a In o-anisic acid, dimers 
are observed in the solid state while intramolecular 
hydrogen bonds are observed in dilute solution. However, 

Solution 

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

0 

ciJ 
? 
~Hs 

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. 4 

One type involves an intramolecular NH···O hydrogen bond 
and an intermolecular C=Q ... Ho- hydrogen bond and 
the other an intramolecular C=O···HQ- hydrogen bond 
and an intermolecular NH···O hydrogen bond. 

H...._ /R 

cCN? 

Ji 
0 
. 

Intra: HN ... 0 Intra: C= O· · · HO 

Inter: C= O· .. HO Inter: HN··· 0 

(1) Goerbitz, C. H.; Etter, M. C. Int. J. Pept. Protein Res. 1992, 39, 
93-110. 

(2) Etter, M. C. Ace. Chem. Res. 1990, 23, 12o-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. 





















COMMENT

Open questions in organic crystal
polymorphism
Aurora J. Cruz-Cabeza 1✉, Neil Feeder2 & Roger J. Davey1

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)1. 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 Wöhler2,3. 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
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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)4. 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)5. 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 used6. 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 experimentally7 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 nucleators8. 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 Doherty9 and most recent work in which surface
rugosity is used as a comparative measure of growth rates10.

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 II11. Ostwald’s

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 properties1.

Anthracene 
(ANTCEN)

3 polymorphs

Phenazine
(PHENAZ)

2 polymorphs

9,10-Anthraquinone 
(ANTQUO)

1 form

Acridine
(ACRDIN)

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.
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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 processes12. 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 systems13 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 own14. 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 produce2. Other polymorphs cannot
be nucleated directly from solution but have to be produced via
desolvation of intermediate solvates15 or through
mechanochemistry16.

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 size17.
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 energies18 (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 polymorphs19. 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
mechanochemistry17 and crystallisation in nanoconfinement20.

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 polymers21 or crystallisation within gels22.
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 carbamazepine23 and ROY24. 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 size25. 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 techniques26. 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 polymorphism27.

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 surfaces28,29. 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 prediction30.
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 crystals32. 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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