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  Abstract 

 

 Chiral molecules are prevalent among currently marketed pharmaceutical 

products, many of which are solid formulations.  The solid-state form of a drug can have 

a dramatic effect on its solubility, dissolution rate (hence bioavailability), physical 

stability, and interaction with excipients; therefore, understanding the solid forms that 

exist for a drug molecule is critical to ensure product performance and safety.  Analysis 

of solid systems typically requires the application of several analytical techniques, one or 

two of which may be particularly helpful.  In this thesis work, solid-state NMR 

spectroscopy (SSNMR) was found to be a particularly powerful method for 

characterizing proline enantiomers in the solid state. 

 Using SSNMR, we evaluated the differences in crystal forms of proline that 

resulted from changes in enantiomeric ratio and crystallization conditions.  Various ratios 

of D- and L-proline (0–50% L-proline with 100–50% D-proline) were crystallized from 

aqueous solution and by lyophilization, spray drying, and cryogrinding.  These methods 

produced multiple crystalline forms, including previously unreported polymorphs and 

chiral defects, in which the L-proline molecules were kinetically trapped in the D-proline 

crystal lattice.   

 This thesis work has significant implications for the development of 

pharmaceutical solids.  Whereas typical solid-form screening assays involve crystallizing 

from various solvents, we used lyophilization, spray drying, and cryogrinding.  These 

nontraditional crystallization methods produced high-energy solids (e.g., metastable 

polymorphs, defects, and amorphous material) and an unreported more 
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thermodynamically stable co-crystal polymorph.  Additionally, the presence of L-proline 

enantiomeric impurity altered the crystallization process of D-proline, therein affecting 

the crystal product.  “Chiral doping” is potentially a valuable addition to current solid-

form screening processes, as it may produce forms that would not be observed during 

normal screening methods. 

 SSNMR was highly suited for investigating proline enantiomers in the solid state.  

Different solid forms, including crystal defects and amorphous material, possessed 

different peaks in 13C CP-MAS NMR spectra.  Also, isotopic labeling, combined with 

spectral subtraction, allowed for identification and relative quantitation of solid forms 

within a wide range of enantiomeric ratios.  Phase separation among these forms was 

confirmed by 1H T1 relaxation measurements, and 2D-SSNMR experiments demonstrated 

the potential to provide in-depth structural information. 
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Chiral Molecules in the Solid State: Pharmaceutical Relevance 
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1.1 Purpose of this work 

 The purpose of this work was to selectively identify and characterize the 

crystallographic locations of L-proline molecules upon crystallization with the opposite 

enantiomer, D-proline.  Concurrent crystallization of opposite enantiomers can produce a 

wide range of solid phases, including cocrystals, solid solutions, polymorphic forms, 

hydrates/solvates, and chiral defects.  Despite the fact that crystallization processes are 

commonplace due to their use as separation methods in the production of enantiopure 

pharmaceuticals, the manner in which one enantiomer can become incorporated into or 

affect the crystallization of the opposite enantiomer has not been thoroughly studied.  

This lack of understanding is particularly true for the formation of chiral defects, which 

occur when one enantiomer is present as a substitutional defect in the crystal lattice of its 

antipode.  The lack of knowledge in this area has been largely due to analytical 

limitations and challenges associated with studying such complicated solid-state systems.  

In this body of work, we applied 13C solid-state NMR spectroscopy and complementary 

solid-state analytical methods to investigate the presence of polymorphism and the 

incorporation of chiral defects as a function of D- and L-proline enantiomeric ratio and 

preparation method. 
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1.2 Introduction 

 Chiral molecules have become increasingly popular within the pharmaceutical 

industry.  According to a recent study, more than 50 percent of all drugs currently under 

development contain at least one chiral center.1,2  The main reason that chiral centers are 

present within drugs is to create specificity for a known drug target.3  By imposing a 

particular spatial arrangement of functional groups within the drug molecule, it will be 

less likely to bind/interact with non-target proteins/enzymes, therein reducing the 

possibility of side effects and toxicity.  However, this specificity comes at a cost.  Each 

chiral center results in the formation of stereoisomers, which can be very difficult to 

separate from one another to produce a chemically pure product of one specific 

stereoisomer.  The presence of a stereoisomeric impurity can affect the production of the 

desired drug, which has implications for both safety and product performance.4,5  

Therefore, characterization of a drug in the solid state is essential if the desired product is 

a solid formulation.  An overview of chirality as it pertains to the pharmaceutical 

industry, including challenges associated with developing and characterizing a chiral 

drug in the solid state follows. 

 

1.3 Defining chirality 

 Stereoisomers are molecules that possess the same molecular formula and bond 

structure but differ in the geometric arrangement of functional groups.  Chiral molecules 

are stereoisomers that result from the presence of one or more chiral centers.  In organic 

chemistry, the chiral center often exists at a carbon atom bonded to four different 
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substituents.  In general, a chiral center exists wherever a molecule lacks an axis of 

symmetry due to the geometric arrangement of atoms and functional groups. 

 Each chiral center in a molecule creates a pair of enantiomers.  Enantiomers are 

defined as molecules that are non-superimposable mirror images of one another.  The 

word “chiral” is derived from the Greek word for “hand,” and the image of right and left 

hands is often used as an illustration of the relationship between enantiomers.  When 

enantiomers are present together in a 1:1 ratio, the mixture is referred to as a racemic 

mixture.  There are several methods for designating the “right and left handedness” of 

molecules forming an enantiomeric pair.  These are described below and exemplified in 

Figure 1.1. 

 

1.3.1 Assignment based on molecular configuration 

 The Cahn-Ingold-Prelog classification (R-/S-) is the standard nomenclature for 

chiral organic compounds, with some exceptions among amino acids and carbohydrates.  

This naming system assigns priority, based on atomic number, to the substituents bonded 

to the chiral center.  When the molecule is oriented such that the lowest-priority group is 

pointed away from the viewer, the chiral center is labeled according to whether the

decreasing order of priority is in a clockwise (R, rectus) or counter-clockwise (S, sinister) 

direction. 

 The D-/L- assignment system is based on the reference molecule glyceraldehyde, 

a small chiral molecule that is fairly stable to configurational change or racemization.  

This system historically was used for labeling amino acids and carbohydrates, and the 
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Figure 1.1. Solid and dashed arrows indicate enantiomeric and diastereomeric 
relationships, respectively, between molecules of ephedrine HCl and pseudoephedrine 
HCl.  All three nomenclatures for designating stereochemistry are shown for each 
molecule. 
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notation continues to be used for these systems.  In this assignment system, racemic 

mixtures are often noted by DL-compound name. 

 

1.3.2 Assignment based on rotation of polarized light 

 Enantiomers are able to rotate a plane of polarized light in opposite directions.  If 

the plane of polarized light is rotated in a clockwise direction (with the light coming 

towards the observer), then the enantiomer is labeled (+) or (d) for dextrorotatory.  If the 

light is rotated in a counter-clockwise direction, the enantiomer is (-) or (l) for 

levorotatory.  This method of identification requires transmittance of the polarized light; 

therefore, solutions of the enantiomers are typically used, but identification using single 

crystals is possible.  The magnitude and direction of the light rotation is often used to 

determine the relative ratio (optical purity) of two enantiomers.  A racemic mixture, 

noted as (±), produces no rotation, and a single enantiomer will produce a maximum 

rotation.  Note that there is no direct relationship between the d/l, D-/L-, or R-/S- naming 

conventions.  For instance, the fact that L-proline can also be noted (l) or (-)-proline, or 

(S)-proline, is purely coincidental. 

 

1.3.3 Enantiomers and diastereomers 

 As defined previously, enantiomers are non-superimposable mirror images of one 

another, and they arise from the presence of a chiral center.  When multiple chiral centers 

are present in the same molecule, each chiral center gives rise to a separate pair of 

enantiomers, and these sets of enantiomers are related diastereomerically to each other. 

Figure 1.1 demonstrates the relationship between enantiomeric pairs [(+)- versus (-)-
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ephedrine] and diastereomeric pairs (ephedrine versus pseudoephedrine) in ephedrine 

HCl, which has two chiral centers.  

 One of the most notable properties of enantiomeric pairs is that both molecules 

have the same physicochemical properties (e.g., dissolution rate, melting temperature, 

NMR spectrum, etc.) when in an achiral environment.  This can create challenges in the 

separation and analysis of chiral systems.  Diastereomers, on the other hand, differ in 

their physicochemical properties.  One of the ways in which enantiomers are separated is 

by chemically modifying both enantiomers to include another chiral center.  This creates 

a diastereomeric relationship between the molecules, and separation is relatively easy to 

perform.  Following separation, the additional chiral center is cleaved to produce the 

original molecule of interest. 

 

1.4 Biological and pharmaceutical importance of chirality 

 One of the defining characteristics of enantiomers is that they possess the same 

physicochemical properties in an achiral environment.  However, the human body is not 

an achiral environment.  Therefore, enantiomers within the body potentially have 

different properties. 

 One of the models for understanding the method by which drugs interact in the 

body is the lock-and-key model.6  According to this model, the drug target (typically a 

protein receptor) is the “lock,” and the desired drug is the “key” that fits into this lock.  

When the drug interacts with the target, the original behavior of the target is modified and 

produces a therapeutic effect.  Just like a key and lock, drugs are intended to be specific 
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for only one target, as undesired interactions with non-target molecules can produce 

undesirable side effects. 

 Due to the differences in spatial arrangement of functional groups, enantiomers 

interact differentially with biological molecules, as represented in Figure 1.2.3,7  There 

are many examples of this, including the differences in the smell and taste of different 

enantiomers, such as the sweetener aspartame, the enantiomer of which tastes bitter.8  In 

the case of pharmaceuticals, this means that one of the enantiomers may produce a 

favorable therapeutic effect, while the other elicits a completely different response.9  The 

drug thalidomide is a famous example of this property.  Whereas one enantiomer of 

thalidomide had a sedative effect, the other was teratogenic and caused significant birth 

defects among pregnant women.10  The observation of this differential effect underscored 

the importance of chirality in the pharmaceutical industry and led to many of the 

guidelines and regulations that are used to ensure drug safety in the United States today. 

 Although the thalidomide disaster highlights dramatic and negative differences 

between the effects of enantiomers, sometimes the differences in their interactions are 

benign.9  For instance, in some cases, only one enantiomer elicits any notable biological 

response.  In others, both enantiomers are able to produce the desired therapeutic effect, 

but may differ only in potency.  Cases have existed in which a drug initially has been

marketed as a mixture of the two enantiomers, and then later switched to a single-

enantiomer formulation.  This has been coined “chiral switching” and has been used as a 

strategy to prolong the patent life of an active pharmaceutical ingredient.9,11  In any case, 

current regulations and guidelines typically make it more favorable to market only a 

single enantiomer.5,12-15 
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Figure 1.2. The lock-and-key model demonstrates differences in biological and 
therapeutic activity among enantiomers. 
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1.5 Production of single enantiomers 

 There are multiple methods for producing a single enantiomer, including 

stereoselective synthesis, chiral separations, and preferential crystallization.2,5  The 

optimal method often depends on the properties of the molecule.  For instance, if an 

enantiomer has a tendency to racemize (reversibly convert between both enantiomers to 

form a racemic mixture) certain synthetic steps or separation methods might not be 

possible. 

 

1.5.1 Stereoselective synthesis  

 Stereoselective synthesis is a method for producing only the enantiomer of 

interest, without the need for subsequent separation.2  These methods typically require a 

catalyst that selectively produces only one of the stereoisomers.  Such catalysts exist in 

natural biological systems.  A prime example of this is the stereoselective synthesis of L-

amino acid enantiomers, which are used as fundamental building blocks for proteins.  

Much attention has been devoted to harnessing these naturally stereoselective processes 

for use in the manufacture of fine chemicals and pharmaceutical products.  Such 

processes are referred to as “bio-catalysis.”  Although traditional and bio-catalytic 

processes can be very efficient and stereoselective, they also require special conditions, 

and it is not always possible to find a naturally-occurring enzyme that can produce the 

desired product.  However, in many cases, traditional and/or biological catalysis is used 

to selectively produce a single enantiomer that can be used as starting material for the 

production of the desired product. 
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 When stereoselective synthesis is not possible, the stereoisomers can be separated 

at one of the steps in the synthesis of the compound.  Ideally, the separation step occurs at 

an early stage in the synthetic process, as this typically produces a higher yield of the 

desired enantiomer.  Chromatographic and crystallization methods are the main pathways 

for separating stereoisomers. 

 

1.5.2 Chiral separations 

 Chiral separation science has made many advances in the past decades.16  Again, 

the main challenge associated with chiral separation is the fact that enantiomers have the 

same physicochemical properties in an achiral environment.7  This means that typical 

chromatography-based separation methods, such as standard HPLC, which use achiral 

stationary and mobile phases, are unable to distinguish between the two enantiomers, 

which elute at the same time.  Two common methods for separating enantiomers by 

chromatography are 1) converting the enantiomers into diastereomers and 2) modifying 

traditional chromatographic methods to create a chiral separation environment.

 Whereas enantiomers have the same physicochemical properties, diastereomers 

do not.  By reacting both enantiomers with the same optically pure enantiomer, the 

enantiomeric pair becomes a diastereomeric pair, which can then be separated by 

standard, achiral chromatographic methods.  After separation, the enantiomer of interest 

can be recovered by cleaving the aforementioned additional enantiomer.  Although this 

method is effective for separating enantiomers, it still requires optically pure material in 

order to form the diastereomer.  It also requires the ability to create and subsequently 

cleave a bond between the enantiomeric pair and the diastereomer-former without 
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modifying the desired product.  In addition, steps are added to the synthetic route, which 

may decrease percent yield. 

 Modification of the stationary phase and/or mobile phase of traditional 

chromatographic methods is another possible method.  This has become fairly 

commonplace and is referred to as “chiral chromatography.”  Most often, the stationary 

phase is modified to include chiral functional groups, which interact differentially with 

the stereoisomers in the mobile phase, resulting in different elution times for the 

enantiomers.  Including chiral molecules, such as cyclodextrins,17 in the mobile phase can 

also be used to selectively modify retention times of the enantiomers.  However, similar 

to separation by diastereomer formation, the modification of either stationary or mobile 

phase typically requires access to optically pure materials.   

 

1.5.3 Preferential crystallization 

 Preferential crystallization is one of the primary methods by which enantiopure 

materials are prepared for pharmaceuticals and fine chemicals.5,18-24  This separation 

method is based on the binary and ternary phase diagram for the enantiomers of the chiral 

molecule of interest.  Thus, it requires an understanding of the thermodynamic 

relationship between enantiomers in the solid state.  The next section provides a general 

overview of physical forms in the solid state, which will include a description of chiral 

molecules in the solid state. 
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1.6 Physical forms of solids 

 Many drugs on the market today are small-molecule drugs, formulated as solids.  

The physical form of these solids has a direct impact on the performance and safety of the 

drug due to distinct interactions between the molecules that compose the material.25  The 

sum of these molecular interactions results in the observed pharmaceutically relevant 

properties, such as dissolution rate, apparent solubility, and physical and chemical 

stability.  Therefore, understanding the physical form of a drug is very important to 

ensuring safety and efficacy.  Figure 1.3 is a tree diagram that represents some of the 

physical forms in which a molecule “E” can exist in the solid state.   

 

1.6.1 The amorphous state 

 The amorphous state is referred to as a super-cooled liquid, wherein molecules 

exist in a distribution of conformations and supramolecular arrangements.  This 

molecular disorder results in faster dissolution of the amorphous material as compared to 

the corresponding crystalline form of a compound.26  Thus, formulating a drug as an 

amorphous form is a feasible option to mitigate dissolution and solubility problems that 

might be observed for the crystalline material.  However, the amorphous state is 

thermodynamically metastable to the crystalline state and therefore has the potential to 

crystallize.  Much research is focused on creating and stabilizing the amorphous state for 

pharmaceutical solids.27  Alternatively, crystallization from the amorphous state may be

desired in order to assist discovery of high-energy crystal forms, as described in Chapters 

5 and 6. 
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Figure 1.3. Tree diagram outlining the physical forms in which a single molecule “E” 
can exist in the solid state. 
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1.6.2 The crystalline state 

 As opposed to the molecular disorder of amorphous materials, crystalline 

materials are three-dimensional lattices that are formed by highly ordered packing of 

molecules.25  In some cases, it is not possible for a molecule to crystallize.  This is often 

the case for long polymeric molecules, the conformational flexibility of which can limit 

the highly ordered packing associated with a crystal lattice.  Because of this, certain 

polymers exist as amorphous or semi-crystalline materials, and they can be used to 

stabilize the amorphous state of other compounds that do have a tendency to crystallize. 

 The formation of crystal lattices is highly dependent on intra- and intermolecular 

hydrogen bonding, van der Waals interactions, and ionic forces.25  Crystals can be 

composed of a single component or multiple components, depending upon the available 

interactions between molecules.  As indicated by the name, single-component crystalline 

materials are made from the packing of molecules of a single compound.  Alternatively, 

multiple-component crystalline materials contain multiple compounds within the crystal 

lattice.  These multiple-compound crystals can be formed by stoichiometric or 

nonstoichiometric ratios of the components.  Examples of stoichiometric multiple-

component systems include cocrystals, salts, hydrates, and solvates, as illustrated in 

Figure 1.3. 

 Cocrystals are defined as multiple-component crystals that contain stoichiometric 

ratios of the components, each of which exists as a solid at room temperature.28  This is in 

contrast to hydrates and solvates, which include components that are liquids at room 

temperature (i.e., water or solvent molecules).  Cocrystals are distinguished from salts in 

that salts are produced by ionic interactions between the components, while cocrystals are 
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produced predominantly via formation of complementary hydrogen bonding between 

components.  Both salts and cocrystals are of interest in the pharmaceutical industry due 

to their ability to modify the solid-state properties of an active pharmaceutical ingredient 

without chemical modification.  Of particular importance is increased dissolution rate, 

potential increased stability, and, in the case of cocrystals, the possibility of combining 

two active pharmaceutical ingredients together into the same crystal structure. 

 Nonstoichiometric multiple-component crystals do not contain specific ratios of 

the components.  Instead, the components can exist in a range of ratios.  The most 

common nonstoichiometric multiple-component crystalline systems are channel inclusion 

compounds (e.g., channel hydrates) and solid solutions.  The term solid solution is most 

often used in the field of metallurgy to describe the formation of alloys, in which one 

metal is “dissolved” in another.  The same term can be applied to molecular compounds.  

It is important to distinguish between a solid solution and a crystal that contains 

impurities or defects.  True solid solutions are thermodynamically stable, while 

impurities/defects are not thermodynamically favored, but only exist because the 

impurity is kinetically trapped inside of the (host) crystal lattice of another component.  

Although solid solutions are more common in metallurgy, such systems also are 

occasionally observed among molecular compounds. 

 

1.6.3 Polymorphism/allotropism 

 For each of the crystalline systems described above, there is the potential for 

polymorphism, which is the existence of the same chemical compound(s) in multiple 

crystal forms.25,29  Representations of polymorphism for both single- and multiple-
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component crystals are shown in Figure 1.4.  The differences in crystal forms are the 

result of differences in crystal packing and/or molecular conformation. 

 Polymorphism is a subcategory of allotropism, in which a chemical entity can 

exist in more than one crystal form.  Probably the most widely recognized example of 

allotropism is the ability for carbon to exist as diamond or graphite.  These materials 

differ in their physical properties as a result of the distinct packing of the carbon atoms 

within the crystal structure.  Similar to carbon allotropes, polymorphs of molecular 

compounds can differ significantly in their physicochemical properties, including 

pharmaceutically relevant properties such as dissolution rate and stability.25 

 Because different polymorphic forms possess different properties, it is very 

important to know what, if any, polymorphic forms exist for a given system.  

Polymorphic screening assays have become a standard procedure during the development 

of any new active pharmaceutical ingredient.30  During these assays, the pharmaceutically 

relevant properties of each form are assessed in order to decide which form should be 

used in the development of a solid dosage form.  An important factor in this decision is 

the relative physical stabilities of the various polymorphic forms.31 

 At a given temperature and pressure, one polymorphic form will be the most 

stable form.  However, upon changing conditions, the relative stability of the 

polymorphic forms might change.  E.g., in the case of two polymorphs, Form I and

Form II, Form I might be more stable at room temperature, but Form II becomes the more 

stable form at 50ºC, at which point Form I is metastable to II.  In such cases, where the 

relative stability of two forms “cross,” the energetic relationship between the two 

polymorphs is called “enantiotropic.” 
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Figure 1.4. Representations of polymorphism for single-component and multiple-
component crystals.  The same molecules are present, but different molecular 
conformations and packing result it different crystal forms. 
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 In other cases, however, a polymorphic form may be the stable form across the 

entire range of temperatures, and any other polymorphic forms are always metastable 

relative to this form.  In this case, there is a “monotropic” relationship between the 

polymorphic forms. 

 The relative thermodynamic stabilities of polymorphs are usually described in 

terms of an energy diagram where either free energy or solubility (van’t Hoff plot) of 

each polymorphic form is plotted as a function of temperature.25  Examples of free 

energy diagrams and van’t Hoff plots for both an enantiotropic and a monotropic system 

are shown in Figure 1.5.  The terms monotropic and enantiotropic refer to the energy 

relationships between two polymorphs.  Thus, if a system has three polymorphic forms, 

the relationship between Forms I and II, I and III, and II and III must be defined. 

 Before continuing with the discussion of relative stability of polymorphic forms, 

it is important to note that polymorphs are typically named in the order in which they are 

observed/discovered.  Oftentimes, they are denoted using Roman numerals, such as 

Forms I, II, and III.  However, Greek letters (α, β, δ, γ, etc.) and capital letters (A, B, C, 

etc.) are also commonly used.  Because the order in which polymorphic forms are 

discovered does not necessarily correspond to their relative stability, one cannot assume 

that Form I is the most stable form.  In fact Form II, III, or even IV may be the most 

stable form.  In some cases, the most stable form may not even be known. 

 Understanding the relative stability of polymorphic forms is extremely important, 

as formulation of a pharmaceutical compound as a metastable form can cause problems 

with a drug product if it transforms to the more stable form during/after processing, as 

exemplified by the ritonavir case.32  This drug was unknowingly formulated as a 
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Figure 1.5. Free energy diagrams and van’t Hoff plots are shown for both 
enantiotropically and monotropically related polymorphic systems.  Tm, Tt, H, and G 
represent melting temperature, transition temperature, enthalpy, and free energy, 
respectively. 
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metastable polymorphic form.  After a period of time, the drug started to 

convert/transform to the more stable form, which led to a dramatic reduction in 

dissolution rate/solubility and loss of therapeutic effect.  The drug product had to be 

recalled and reformulated, resulting in large economic loss for the company. 

 There are a series of rules/guidelines that are used to identify enantiotropic versus 

monotropic relationships between polymorphic forms.  Specifically, the Burger–

Ramberger rules33,34 are cited frequently in the literature.  These rules are referred to as 

the “heat of transition” and “heat of fusion” rules, and they are based on calorimetric 

(DSC) measurements. 

1) The heat of transition rule states that if an endothermic transition is observed, 

then there is an enantiotropic relationship; and if an exothermic transition is 

observed, there is a monotropic relationship. 

2) The heat of fusion rule states that if the higher-melting form also has a higher 

heat of fusion, then there is a monotropic relationship; otherwise, it is an 

enantiotropic relationship. 

These two rules are often referenced due to the ability to obtain the information quickly 

via DSC and also because they have been shown to be fairly reliable.  Other guidelines 

that are sometimes cited include the entropy of fusion rule, the heat capacity rule, the 

density rule, and inferring stability based on melting data.25,35,36 However, in cases where 

thermal degradation appreciably occurs during DSC analysis, energy relationships can be 

defined via solubility measurements or by adding an impurity to decrease the thermal 

transitions of interest.37 
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 In many systems where polymorphism exists, crystallization initially produces a 

metastable form, which progressively converts to forms of increasing stability.  This 

phenomenon is called Ostwald’s rule of stages.38  Whereas Ostwald’s original publication 

described a step-wise transformation of stability from least-stable to the most-stable 

crystal form, the order of transformation doesn’t always proceed in this manner, as it is 

possible for the least stable structure to transform directly to the most stable.  The kinetics 

of this transformation are dependent upon many factors, including: 1) the quality of the 

crystals, where the presence of defects can allow for a faster transformation due to 

increased mobility around the defect or the defects’ ability to act as nucleation sites for 

the other crystal form39,40; and 2) the conditions of storage, which can enhance or inhibit 

the transformation.  In some cases, the metastable form may not transform at all.  This 

situation is an example of kinetic stability.  Thus, the thermodynamics as well as the 

kinetics of a system affect the formation and observation of crystalline polymorphism. 

 

1.7 Solid-state chemistry of enantiomers 

 Now that we have an overview of physical forms of solids, this information can 

be applied to enantiomers in the solid state. 

 

1.7.1 Physical forms of enantiomers 

 As previously noted, a racemic mixture refers to a 1:1 ratio of opposite 

enantiomers.  If the enantiomers of a racemic mixture are concurrently crystallized, either 

by melting or dissolving the enantiomers together, followed by cooling or solvent 

removal, there are three main types of crystal forms that might be produced: a) a racemic 
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conglomerate, b) a racemic cocrystal, or c) a solid solution.41  These potential crystal 

forms are represented in Figure 1.6. 

 Figure 1.6a shows a representation of a racemic conglomerate, which is a 

physical mixture of single-component crystals. 

 Figure 1.6b shows a racemic cocrystal.  A racemic cocrystal (sometimes referred 

to as a racemic compound or racemate) is a stoichiometric, multiple-component system in 

which both enantiomers are present in a 1:1 stoichiometric ratio within the crystal lattice.  

Oftentimes, the two enantiomers form heterodimers that are then packed together to form 

the lattice.  However, there also are examples where the enantiomers pack together in 

homochiral sheets or columns, which are then packed together. 

 Figure 1.6c shows a solid solution of enantiomers, which can be categorized as a 

non-stoichiometric, multiple-component system.  In the case of enantiomers, solid 

solutions form when two enantiomers can substitute for one another within the crystal 

lattice.  This creates a relatively random distribution of the enantiomers throughout the 

lattice, and the composition of the lattice can range anywhere from a homochiral 

(enantiopure) lattice to a 1:1 ratio of the two.  Again, it must be emphasized that solid 

solutions are thermodynamic products that are at equilibrium.  This differs from the 

presence of chiral defects, in which one enantiomer might be present in the crystal lattice 

of its antipode due to crystallization under non-equilibrium conditions. 

 The type of physical form in which a given compound will exist upon 

crystallization of the two enantiomers is compound specific.18,41  Typically, 

crystallization of a racemic mixture will produce only one of these three crystal forms.



 24 

 
 
 
Figure 1.6. The three physical forms that can exist upon concurrent crystallization of 
enantiomers: a) racemic conglomerate, b) racemic cocrystal, and c) solid solution. 
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Jacques, Collet, and Wilen have estimated that approximately 10% of all racemic 

mixtures will form a racemic conglomerate, 90% will form a racemic cocrystal, and the 

formation of a solid solution is fairly rare.18  Just like with polymorphism, where different 

forms can exist under different conditions, it is possible for a racemic system to transition 

between racemic conglomerate, cocrystal, and/or solid-solution forms as the temperature 

of the system is modified.  In addition, there is the potential for the formation of 

polymorphic, hydrated, and/or solvated crystal forms, and multiple forms can be present 

at the same time in the same mixture.7  In the presence of such a complicated system of 

physical forms, analysis can be a challenge.  Typical analytical methods for 

characterizing enantiomeric systems in the solid state are briefly described in § 1.8. 

 

1.7.2 Binary phase diagrams 

 The creation of melting-point binary phase diagrams has historically been the 

primary method for characterizing racemic systems.41  These diagrams consist of 

melting-point data plotted as a function of enantiomeric composition.  To create a binary 

phase diagram, various ratios of the two enantiomers are mixed, crystallized together 

(either from solution or a melt), and then analyzed by differential scanning calorimetry 

(DSC).  For each sample, the DSC thermogram will possess two temperatures of interest: 

the melting onset temperature, which corresponds to the eutectic or solidus temperature, 

and the final melting peak temperature, which corresponds to the liquidus temperature.  

These temperatures are plotted as a function of the enantiomeric composition to create 

the binary phase diagram.  Racemic conglomerates, racemic compounds, and solid 

solutions all have distinctive binary phase diagrams (Figure 1.7).18,41  Thus, by creating a 
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Figure 1.7. Melting binary phase diagrams that are characteristic for a) racemic 
conglomerates, b) racemic cocrystals, and c) solid solutions displaying 1) ideal behavior, 
2) a minimum, and 3) a maximum. 
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binary phase diagram, one can determine the identity of the solid-state system.  Of 

course, the fact that this method is non-isothermal means that changes in the sample can 

occur during analysis.  Because of this, the analysis of solid chiral systems can benefit 

from the application of multiple analytical methods. 

 

1.8 Methods for analyzing chiral molecules in the solid-state 

 Many of the methods for analyzing solid-state systems in general can be applied 

to chiral molecules in the solid state.7,25,28  Those techniques that are particularly relevant 

to studying chiral systems are highlighted here. 

 

1.8.1 Solution methods 

 Although this section is titled “Methods for analyzing chiral molecules in the 

solid state,” several solution-based methods are very important for characterizing chiral 

systems.  Thus, they have been briefly included here.  However, it is important to note 

that there is a loss of information upon dissolution of a solid system.  For instance, chiral

HPLC cannot distinguish between a racemic conglomerate or a racemic compound, as 

both would show a 1:1 ratio of the two enantiomers in solution.  Additionally, although 

different polymorphic forms can have different dissolution rates, upon complete 

dissolution, identification of polymorphism is impossible.  Thus, solid-state 

characterization is extremely important for the development of any solid-state 

pharmaceutical system. 

 Dissolution rate is a common method for characterizing solid-state systems 

because different crystal forms have different intermolecular interactions, which may 
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give rise to differences in dissolution rate.25  This is true for polymorphism as well as for 

different crystal forms of enantiomers.42  Solubility measurements can also be helpful, as 

they can be used to create ternary phase diagrams, which can be used in place of melting 

binary phase diagrams in cases of chemical or physical thermal instability.  Dissolution 

and solubility studies typically rely on an HPLC method or spectral assays to measure the 

concentration of species in solution.  For the quantitation of enantiomers in solution, a 

chiral HPLC method is necessary due to the fact that both enantiomers will elute 

simultaneously using a standard achiral method.  Alternatively, if the optical rotation for 

the enantiopure compound is known, the relative ratios of enantiomers can be measured 

via optical activity. 

 

1.8.2 Thermal methods 

 Thermal methods, most notably DSC, are very important in the characterization 

of enantiomeric systems.18,42  Some of the first characterizations of enantiomers were 

performed by visually assessing the melting of enantiomeric mixtures via hot stage 

microscopy (HSM).18  Although HSM can still be valuable for investigating enantiomeric 

mixtures, DSC now provides much more sensitive and less biased measurements of 

thermal transitions.  The creation of binary phase diagrams (§ 1.7.2) via DSC-measured 

melting temperatures, as reported by Jacques, Collet, and Wilen, has become a standard 

method for determining the formation of racemic conglomerate, cocrystal, or solid 

solution upon crystallization of enantiomeric mixtures.  In general, DSC is commonly 

used to observe both exo- and endothermic events that occur upon heating a solid sample, 
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including polymorphic transitions, crystallization, dehydration/desolvation, or 

decomposition.25 

 In addition to measuring the temperatures associated with the eutectic melting of 

enantiomers, the heats of fusion of various crystal forms can be valuable.  If the melting 

temperatures and heats of fusion associated with the enantiopure and racemic forms of a 

chiral compound are known, it is possible to construct the theoretical melting binary 

phase diagram.18  This can be very helpful in supporting experimental data and also for 

calculating the eutectic composition, which can be difficult to accurately determine from 

the experimental phase diagram alone. 

 Heats of fusion can be used as a measure of the relative stability of a solid 

material.25  In cases where the heat of fusion cannot be obtained from a DSC thermogram 

due to thermal decomposition or sublimation of the compound, isoperibol calorimetry can 

be used to measure the heat consumed/evolved upon isothermal dissolution of the solid, 

otherwise known as the heat of solution.  The heat of solution is directly proportional to 

the heat of fusion of the crystal.  Thus, this measurement can be used for determining the 

relative stability among different crystal forms. 

 

1.8.3 Crystallography 

 Crystallography is one of the most powerful methods for analyzing crystalline 

materials.25  Once the crystal structure for a compound has been “solved” by X-ray 

analysis, the conformation, arrangement, and intra- and intermolecular bonding patterns 

can be identified.  This molecular-level view can provide tremendous insight into the 

macroscopic behavior (e.g., dissolution rate and stability) of crystalline materials.  It is 
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for this reason that single-crystal X-ray diffraction analysis (XRD) is often referred to as 

the “gold standard” for the identification of crystal forms.  In order to obtain XRD data, 

the sample of interest must exist as a single, macroscopic crystal.  This crystal is then 

exposed to a monochromatic X-ray beam, which is reflected by the lattice planes of the 

crystal.  These reflections are detected as a function of the angle of reflection, and the 

angles and intensities of the reflections are related to the spacing of the atoms within the 

crystal structure via the Bragg equation.  Additional refinements produce a picture of the 

molecules that are in the crystal.  Unfortunately, it is not always possible to crystallize a 

single crystal of a given material.  In such cases, single-crystal X-ray diffraction cannot 

be performed.  Instead, X-ray analysis is performed on a powdered sample via powder X-

ray diffraction (PXRD). 

 Similar to XRD, in PXRD, the powdered sample is exposed to the X-ray beam, 

and the reflections of the X-rays are measured at different angles.43  Unlike single-crystal 

XRD, the resulting PXRD pattern often is unable to provide detailed structural 

information but instead is used for identification of different crystal forms.  There are a 

couple of potential issues with the use of powder, including preferred orientation, which 

can lead to dramatic differences in peak intensities.  Additionally, the reduced crystal size 

means that the destructive interference that typically occurs in larger, single crystals is 

reduced, leading to broader diffraction peaks.43  As particle size becomes extremely 

small, the peaks continue to broaden.  The extreme case of this is observed for 

amorphous material.  Because amorphous material by definition lacks the long-range 

order that is necessary to constructively diffract X-rays, the PXRD pattern of amorphous 

material consists of a very broad “peak,” referred to as an amorphous halo.  Thus, 
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disorder within the lattice, either due to molecular disorder (e.g., chemical impurity) or 

structural disorder (e.g., crystal defects) can be difficult to detect, or even may cause 

XRD or PXRD analysis to be of limited help in characterizing a material. 

 XRD and PXRD analysis can be very helpful in characterizing a chiral compound 

in the solid state.  The differences in molecular packing in the various crystal structures 

result in different diffraction patterns.4,42  Enantiopure materials possess different 

diffraction patterns than their corresponding racemic cocrystal counterparts, and 

polymorphic forms will also have different patterns.  However, due to the achiral nature 

of X-ray analysis, enantiopure material has the same diffraction pattern as a racemic 

conglomerate.4,7  Therefore, this technique cannot always determine the enantiomeric 

purity of a sample.  The detection of solid solutions by X-ray diffraction is also 

potentially limited.44  The disruption of order within a solid solution may lead to lack of 

resolution in the X-ray pattern, or the pattern might look very similar to the diffraction 

pattern of enantiopure material, in which case X-ray diffraction would be unable to 

distinguish between a racemic conglomerate and a solid solution.  

 

1.8.4 Spectroscopic methods 

 Spectroscopic techniques are often used for the characterization of physical 

forms.  The most common techniques are infrared (IR), Raman, and solid-state NMR 

(SSNMR) spectroscopies.45  As with all analytical techniques described here, one of these 

spectroscopic techniques might be particularly relevant for a specific system, since each 

method measures a different type of interaction within the electromagnetic spectrum.  IR 

spectroscopy measures the absorption of infrared wavelengths, Raman detects inelastic 
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scattering, and SSNMR measures the absorption of radiofrequency in a static magnetic 

field.  All of these methods can be used for qualitative assessment of a sample, and they 

also can be quantitative.45  Their use for characterization of both crystalline and 

amorphous solids is well represented in the literature. 

 Infrared spectroscopy is based on the absorbance of infrared light, which 

corresponds to the stretching and rotational resonances of molecular bonds. This 

technique is particularly useful in cases where hydrogen-bonding is present.25 Measured 

absorbances are indicative of the molecular conformation and packing within the crystal 

lattice, and changes in crystal form can result in significant differences in the observed 

resonances.  However, if the differences in molecular conformation/packing among 

physical forms do not differ significantly, distinguishing between these forms may not be 

possible.  Additionally, resonances often overlap, which can make identification and 

quantitation a challenge. 

 Raman is somewhat complementary to IR spectroscopy in that it measures 

scattered light, as opposed to absorbed light.  Many of the advantages and disadvantages 

in regard to the identification and quantitation of crystal forms are similar to IR 

spectroscopy. 

 Solid-state NMR spectroscopy is a very powerful technique for studying different 

crystal forms.  The peak positions in the SSNMR spectrum are very sensitive to 

differences in molecular conformation and packing within the crystal structure, making it 

a very important technique for characterizing different solid forms.25,46  The use of 

SSNMR for characterizing chiral molecules in the solid state will be discussed in detail in 

Chapter 2. 



 33 

 As with crystallographic techniques, IR, Raman, and SSNMR spectroscopies 

cannot distinguish between opposite enantiomers, as both enantiomers possess the same 

spectrum.  As a result, it is also impossible to distinguish between an enantiopure sample 

and a racemic conglomerate.4,7  However, the spectra of an enantiopure sample versus a 

racemic cocrystal or a solid solution should be different due to differences in the 

electronic environments that exist among the molecules in each form. 

 

1.9 Overview of thesis work 

 Chiral molecules are prevalent among currently marketed pharmaceutical 

products, many of which are solid formulations.  The challenges associated with 

producing and characterizing chiral small molecules in the solid state are not trivial.  

Analysis of these systems typically requires the application of several analytical 

techniques, one or two of which may be particularly helpful.  In this thesis work, solid-

state NMR spectroscopy (SSNMR) was found to be a particularly powerful method for 

characterizing proline enantiomers in the solid state. 

 Chapter 2 includes relevant background information on the use of solid-state 

NMR spectroscopy (SSNMR) for the analysis of pharmaceutical solids.  A very basic 

description of the NMR method is provided, and the main advantages of the SSNMR 

technique are discussed.  This chapter also includes explanations of SSNMR experiments 

that are particularly relevant for studying chiral molecules in the solid state. 

 In Chapter 3, we evaluate the differences in crystal forms of proline that result 

from changes in enantiomeric ratio and crystallization conditions.  Various ratios of D- 

and L-proline were crystallized from solution and by lyophilization, and the resulting 
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materials were characterized by thermal, X-ray diffraction, and spectroscopic methods.  

During the course of these studies, evidence for a previously unreported polymorphic 

form was obtained.  Characterization of this form, including assessment of its 

thermodynamic relationship to published crystal forms, is described. 

 Chapter 4 reports the use of 13C SSNMR to observe and quantitate chiral defects 

that are produced during concurrent crystallization of both D- and L-proline enantiomers.  

Previous studies have investigated chiral defects, but no direct observations of these 

defects have been made.  This chapter provides support for the observation of L-proline 

chiral defects in the host crystal lattice of D-proline through use of SSNMR methods. 

 Chapter 5 includes further examination of the crystallization of D- and L-proline 

obtained by lyophilization.  Samples were maintained under dry-nitrogen conditions, 

which allowed observation of metastable crystal forms of proline.  Observations of 

thermal- and water-induced crystallization of these forms demonstrated the importance of 

molecular mobility for the crystallization of the proline system and contributed to a 

greater understanding of previously observed polymorph formation. 

 In Chapter 6, crystallization of proline enantiomers from an amorphous phase was 

investigated.  Samples of racemic cocrystals and D- and L-proline physical mixtures were 

partially amorphized by cryogrinding.  The resulting samples were analyzed using 

variable-temperature SSNMR, PXRD, and DSC. 

 Chapter 7 is a brief discussion of the implications of this thesis work and the 

potential direction of future research.  Pseudoephedrine HCl has been proposed as a 

future model chiral compound due to its pharmaceutical relevance and the presence of 
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two chiral centers within its structure, which leads to the existence of both enantiomers 

and diastereomers. 

 

1.10 Summary 

 The study of chiral molecules is highly relevant to the pharmaceutical industry.  

Many drugs currently on the market and under development contain one or more chiral 

centers, which lead to the presence of enantiomeric pairs.  It is often desirable to use only 

one enantiomer within a drug product, but producing a single enantiomer can be a 

challenge.  Understanding the solid-state properties of the chiral molecule is essential to 

the successful development and production of a safe and efficacious drug product.  Thus, 

characterization of the chiral material in the solid state with solution, thermal, 

crystallographic, and/or spectroscopic methods is critical. 
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Solid-State NMR Spectroscopy of Pharmaceutical Solids 
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2.1 Introduction 

As described in Chapter 1, the physical form of a drug has important implications 

for its performance within a drug product.1  The solid-state form of a drug can have a 

dramatic effect on its solubility, dissolution rate (and therefore bioavailability), physical 

stability, and interaction with excipients.  There are many analytical techniques that can 

be used to identify and characterize solid-state pharmaceuticals.  Because there are 

advantages and disadvantages to each method, most systems are analyzed by multiple 

techniques.  However, in each case, there often are a couple of methods that are 

particularly helpful in studying the system of interest. 

The use of solid-state NMR spectroscopy to study pharmaceutical solids is 

described in this chapter.  The basic theory and analytical advantages of solid-state NMR 

spectroscopy will be explained, and literature on the application of SSNMR to solid 

chiral systems, the major subject of this dissertation, will be reviewed. 

   

2.2 Basics of solid-state NMR 

Solution NMR spectroscopy is widely viewed as the most powerful tool for 

structural elucidation of organic compounds.  However, conventional solution NMR 

techniques produce only a broad, featureless spectrum when applied to most crystalline 

organic solids.2,3  This largely arises from restricted molecular motion in the solid state.  

In solution, the rapid tumbling of molecules averages out most of the interactions that 

produce line broadening.  The primary interactions that lead to line broadening in solids 
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are dipolar coupling and anisotropy.  Fortunately, the techniques of high-power 1H 

decoupling and magic-angle spinning allow narrow lines to be achieved for the solid-state 

analysis of most systems. 

 

2.2.1 Dipolar coupling / High-power decoupling 

Dipole–dipole interactions, which are through-space interactions that are both 

orientation and distance dependent, occur between magnetic nuclei.  These interactions 

affect the electronic environment of a nucleus, therein modifying the observed chemical 

shift in the NMR spectrum.  In solution NMR, the rapid tumbling of molecules in 

solution results in decoupling and averaging of the dipole–dipole interactions between 

NMR-active nuclei.  However, in the solid state, molecular motions are restricted.  This 

leads to pronounced dipolar coupling, resulting in broad peaks. 

Although 1H NMR is common for solution analysis, its use is limited in solids due 

to strong homonuclear 1H dipolar coupling.  1H has a high natural abundance (99.98%), 

which means that the probability of a particular 1H being physically nearby and coupling 

to another 1H is very high.  Because of this coupling, the narrowest achievable 1H peak 

widths for solids are ~1 ppm, but much broader peaks are typical.  Thus, most solid-state 

NMR studies are performed on less abundant (or “dilute”) nuclei such as 13C, 15N, 31P, 

and 19F.  For instance, the natural abundance of 13C is only 1.1%, making 13C–13C 

homonuclear coupling almost nonexistent.  Although strong 1H heteronuclear dipolar 

coupling to the observed nucleus still occurs, resulting in peak widths of >50 kHz for 

nuclei such as 13C, narrow lines can be achieved by high-power 1H decoupling.4 
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1H decoupling is commonly used in solution NMR spectroscopy.  However, in 

solids, the decoupling power must be several orders of magnitude greater due to the 

strength of the 1H dipolar couplings. 

 

2.2.2 Anisotropy / Magic-angle spinning 

The second source of line broadening is due to the fact that all molecular (i.e., 

crystal) orientations occur with equal probability in a powdered solid.  The chemical shift 

(peak position) of a nucleus is dependent on its orientation relative to the static magnetic 

field.  Thus, a range of molecular orientations is observed as a range of chemical shifts 

for a particular nucleus.  Again, the rapid molecular movement in solution averages out 

this effect. 

The shape of the broad peak resulting from the anisotropy in solids is referred to 

as a chemical shift anisotropy (CSA) powder pattern.  For sp2 hybridized carbons, such as 

those found in phenyl rings and carbonyl carbons, the width of the CSA powder pattern 

may be 200 ppm or more.  The equation that describes the orientation dependence of the 

chemical shift is: 

  

! 

"observed =  "isotropic +  ["anisotropic # (3cos2$ %1)], 

where σobserved is the observed chemical shift, σisotropic is what would be observed in 

solution, σanisotropic is the magnitude of the anisotropic component, and θ describes the 

angular dependence of the chemical shift with respect to the static magnetic field.  The 

observed spectrum is a superposition of all of the CSA powder patterns for all of the 13C 

nuclei that have chemically different local environments. 
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 As can be seen by looking at the above equation, the anisotropic contribution to 

the observed chemical shift is dependent on the angle of the sample relative to the static 

magnetic field, θ.  When this angle is 54.7º, denoted the “magic-angle” setting, the 

anisotropic component becomes zero.5  When the sample is spun at the magic angle 

(magic-angle spinning, MAS) at a rate faster than the width of the powder pattern (up to 

20 kHz), only the isotropic peak is observed.  However, such fast spinning rates typically 

are not feasible, and the remaining intensity is observed as additional peaks (“spinning 

sidebands”) in the spectrum.  These spinning sidebands are easily removed from the 

spectrum with techniques such as TOtal Suppression of Spinning Sidebands (TOSS).6 

 

2.2.3 Quadrupolar coupling 

Quadrupolar coupling is another important source of line broadening.  In organic 

compounds, this heteronuclear coupling is often observed for 13C nuclei bonded to the 

quadrupolar nucleus 14N.  This is a through-space interaction, so non-covalently bonded 

quadrupolar nuclei also can induce 13C line broadening.  For instance, drugs formulated 

as chloride salts may contain split 13C peaks, since 35Cl is a quadrupolar nucleus.7,8  13C–

14N interactions give rise to characteristic peak splitting of the 13C peak.  The associated 

line broadening is reduced, but not removed, by MAS, and stronger magnetic fields and 

special pulse sequences can further reduce the observed splitting and peak width. 

 

2.2.4 Dilute spins and increased spin–lattice relaxation / Cross polarization 

 In addition to the line-broadening effects of dipole–dipole interactions and 

chemical shift anisotropy, the lack of molecular motion in solids affects spin–lattice  
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relaxation.  NMR spectra typically consist of the average of many pulses/acquisitions on 

the sample, where the more acquisitions, the greater the signal-to-noise ratio in the 

spectrum.  Unfortunately, when observing dilute spins, such as 13C nuclei, which are only 

1.1% naturally abundant, a large number of acquisitions is necessary to achieve a quality 

spectrum because only 1.1% of the carbon nuclei in a sample are actually “seen” by the 

NMR method.  One of the methods to mitigate this issue is to transfer magnetization from 

an abundant spin system, typically 1H nuclei, to the dilute spin system of interest, often 

13C.9,10  This magnetization transfer is referred to as cross-polarization (CP).  The 1H–13C 

cross-polarization process produces a significant signal enhancement for the observed 13C 

nucleus, leading to much shorter analysis times.  In addition to increasing signal 

associated with dilute spin systems, CP also offers the advantage of shorter pulse delays 

during data acquisition.  This requires a more detailed explanation of NMR relaxation. 

 As previously highlighted, many of the differences in the practical aspects of 

obtaining an NMR spectrum in solution versus the solid state arise from decreased 

mobility in the solid state.  This decreased mobility also increases the spin–lattice 

relaxation (T1) of nuclei. 

 The spin–lattice relaxation is a calculated constant that is based on the amount of 

time for nuclear magnetization to return to its equilibrium state after each radiofrequency 

pulse (acquisition).  The term “spin–lattice” is based on the idea that, after the nucleus 

(spin system) is excited by the radiofrequency pulse, energy is released into the 

surrounding lattice as the nucleus returns to equilibrium.11  The T1 value is related to the 

relaxation process by the equation: 

  

! 

M = (1" e
("# T1

)
) $100%, 
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where M is the percent of total relaxation (or recovery), τ is the experimental pulse delay, 

and T1 is the relaxation time constant.  When the experimental pulse delay (τ) is 5 times 

the T1, 99.33% of relaxation will have occurred.  Thus, in order to observe signal that is 

truly representative of the number of nuclei (i.e., to acquire a quantitative spectrum), a 

pulse delay of 5 times the T1 is used to provide sufficient time to achieve equilibrium 

between each pulse. 

 Typically, 1H nuclei have much shorter (seconds versus tens of seconds) 

relaxation times than 13C.  When using CP, it is the relaxation of the abundant spin that 

dictates the pulse delay during data acquisition.  Thus, the use of CP allows experimental 

time to be reduced due to the ability to pulse more rapidly, and thus obtain a quality 

spectrum more rapidly, than the equivalent acquisition without CP.  Although the use of 

CP dramatically improves the efficiency of SSNMR acquisition, it can make quantitation 

of different components in a mixture more challenging (§ 2.3.4). 

  

2.2.5 Summary 

 The combination of high-power decoupling, CP, and MAS is often referred to as a 

CP-MAS NMR experiment.  This combination was demonstrated by Stejskal and 

Schaefer in 1977,12 and Figure 2.1 shows the additive improvement in spectral quality 

obtained through implementing these techniques.  Table 2.1 lists common pulse 

sequences used in SSNMR.  The development of techniques such as decoupling, magic-

angle spinning, and cross polarization has greatly alleviated the line-broadening problem, 

as well as decreased the analysis times associated with analyzing solid-state systems
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Figure 2.1.  Solid-state 13C NMR spectra of 3-methylglutaric acid (MGA), obtained at 75 
MHz.  All spectra consist of 32 acquisitions under the following experimental conditions: 
a) 90° flip-angle carbon pulses with a 60-second pulse delay between scans, magic-angle 
spinning (MAS) at 4 kHz, and no decoupling; b) same as (a), without MAS and with 
high-power decoupling; c) same as (b), with MAS at 4 kHz; d) same as (c), with proton–
carbon cross polarization and a 2-second pulse delay between scans; e) same as (d), only 
12 acquisitions with TOSS.  *denote spinning sidebands or artifacts. 



 49 

Table 2.1.  Descriptions of commonly used SSNMR pulse sequencesa 

 
Pulse Sequence Description  
Cross Polarization/Magic-Angle Spinning 
(CP-MAS)5,11,13 

Used to obtain high-resolution NMR 
spectra from dilute, spin-1/2 nuclei 

Single Pulse/Magic-Angle Spinning (SP-
MAS)14 

Used to obtain high-resolution NMR 
spectra from abundant spin systems 

Dipolar Dephasing, Cross 
Polarization/Magic-Angle Spinning15 

Used to detect non-protonated resonances 

Cross Polarization combined with 
Polarization Inversion (CPPI)16 

Used to distinguish different types of 
carbon resonances 

Total Suppression of Spinning Sidebands 
(TOSS)6 

A sideband suppression experiment used to 
simplify spectra 

T1 Measurement17 Used to determine the spin–lattice 
relaxation time 

T1ρ Measurement 2 Measures the spin–lattice relaxation time in 
the rotating frame 

2-Dimensional Phase Adjustments of the 
Spinning Sidebands, Five Pi Replicated 
Magic-Angle Turning (PASS, FIREMAT) 
18-20  

Used to correlate anisotropic and isotropic 
chemical shifts, which provide information 
on the molecular conformation 

 

aAdapted from Bugay.11 
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using NMR spectroscopy.  Please refer to other sources for more detailed information on 

both solution and solid-state NMR theory.1,11,21,22 

 

2.3 Advantages of SSNMR 

The motivation for using solid-state NMR spectroscopy for characterizing 

pharmaceuticals can be described by highlighting five areas for which SSNMR can 

provide unique information about a system.  They are: 1) nondestructive and noninvasive 

analysis; 2) detection and identification of different phases/solid forms; 3) elucidation of 

structural information, such as conformation and arrangement of molecules within a 

solid; 4) quantitation of different solid forms; and 5) study of molecular dynamics. 

The vast majority of pharmaceuticals are carbon-based.  As a result 13C is the 

nucleus most often observed when performing SSNMR analysis of a pharmaceutical 

compound.  In the following examples, applications of SSNMR will focus on 13C 

SSNMR. 

 

2.3.1 Nondestructive 

 SSNMR is a nondestructive technique in that the sample is packed and sealed into 

a rotor, analyzed, and then can be removed from the rotor for further analysis.  Unlike 

other techniques, SSNMR is capable of analyzing the drug molecule within the 

formulated drug product without additional sample preparation.  In theory, intact tablets 

can be studied using SSNMR.  However, a large tablet may be broken into pieces for ease 

of packing into the rotor.  It is also possible to use SSNMR for the analysis of inclusion 

complexes, particularly to determine if there is any sort of interaction occurring between 
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the drug molecule and the host molecules.23  The chemical reactions of a drug, including 

small molecules, peptides, or proteins, within a polymer matrix can also be followed.24,25  

In all of these cases, the analysis of a formulated product is aided by the fact that the drug 

molecule typically has a different chemical-shift range than the excipients, making it 

relatively easy to distinguish the peaks corresponding to the drug from those of the 

excipients. 

 

2.3.2 Identification of physical forms 

 As with solution NMR, the position of each peak in the spectrum is indicative of 

the electronic environment of that particular nucleus, where a greater electron density 

around the nucleus produces a peak upfield (low ppm values) and less electron density 

results in a peak located downfield (high ppm values).  Thus, just like in solution NMR, 

solid-state NMR can elucidate interactions such as H-bonding, in which the bonding 

modifies the electronic environment of the nucleus involved in or near the interaction, 

resulting in a change in peak position.  However, due to the absence of solvent 

interactions, as well as the presence of “solute–solute” interactions in the solid state, the 

chemical shifts of a nucleus in the solid state can vary by more than 10 ppm relative to its 

position in solution.  In general, for the 13C nucleus, peaks from 220–200 ppm are due to 

ketone carbonyls, 180–160 ppm correspond to carbonyl groups of carboxylic acid 

derivatives, 160–100 are aromatic and olefinic carbons, 100–50 ppm correspond to sp3-

hybridized carbons attached to heteroatoms, and 40–10 ppm are aliphatic carbons 

attached to other carbons and/or hydrogens. 
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 In both solution and solid-state NMR spectroscopy, differences in the chemical 

identity of a molecule can be observed in the spectrum.  For instance, due to differences 

in the bonding structure, and therefore electronics, associated with the carbons in the 

molecules, the amino acids alanine, leucine, and proline (Figure 2.2) possess peaks in 

different locations.  If these three distinct chemical entities were mixed together in 

solution, or as a physical mixture of solids, it would be possible to identify them based 

upon the number and locations of the peaks.  However, whereas solution NMR typically 

gives only one signal for each observed nucleus, solid-state NMR provides signal for 

each crystallographically distinct nucleus, even when chemically identical.  In order to 

illustrate this, a bit more information about crystal structures is required. 

 As mentioned in Chapter 1, a crystal lattice is formed by the highly ordered 

packing of molecules.  The smallest repeating unit of a crystal lattice is called the “unit 

cell.”  The number of molecules that are present within a given unit cell is dependent 

upon the crystal form.  In the case of an L-proline crystal, there are four molecules of L-

proline in the unit cell.  The conformation and arrangement of molecules in this unit cell 

is such that a particular carbon in a molecule (e.g., the carbonyl carbon, C-1) has the 

same electronic environment as any of the other C-1 nuclei in the other three molecules 

of the unit cell.  Thus, there is only one peak for every carbon in the 13C CP-MAS NMR 

spectrum of L-proline (Figure 2.2).  Similar to L-proline, L-leucine has 4 molecules per 

unit cell.  However, in the case of L-leucine, the conformations of the molecules within 

the unit cell differ slightly, and the carbonyl carbons of two of the molecules in each unit 

cell are slightly different from the other two.  This is observed in the SSNMR spectrum 

as multiple peaks for each carbon (Figure 2.2) and is referred to as 
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Figure 2.2.  13C CP-MAS NMR spectra and molecular structures of L-alanine, L-leucine, 
and L-proline.  Crystallographic inequivalence is denoted by arrows. 
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crystallographic inequivalence.  This inequivalence provides information about the 

structure of molecules within the crystal lattice.  Additionally, it serves as a 

demonstration for the effect of molecular conformation/packing on the peak positions 

observed in SSNMR.   

 Similar to the effect of crystallographic inequivalence, differences in the 

molecular conformation/packing among different crystal forms (including polymorphs, 

solvates, and hydrates) also produce differences in SSNMR peak locations.  This means 

that SSNMR is very powerful for looking at different solid-state forms, where the 

chemical identity is the same, but the structural/crystallographic identity differs. 

 Significant differences exist between the SSNMR spectra of crystalline and 

amorphous materials as well.  Whereas crystalline materials give rise to relatively narrow 

peaks within the CP-MAS spectrum, the distribution of molecular conformations and 

arrangements within an amorphous phase produces a range of electronic environments, 

which lead to very broad peaks,1 typically >10 times the width of the corresponding 

crystalline peaks.  In addition, the peaks of amorphous materials are not necessarily 

centered at the same spectral location as the corresponding crystalline peaks.  As a result, 

SSNMR is a tool capable of identifying both amorphous and crystalline physical forms of 

solids.  The differences in both peak width and peak location between crystalline and 

amorphous forms are demonstrated in Figure 2.3, which shows the 13C CP-MAS NMR 

spectra for both crystalline and amorphous thiamine hydrochloride. 

 It is also possible to look at very small quantities of individual components of a 

system by isotopically labeling specific nuclei.  As mentioned in § 2.2.1, the 13C nucleus 

is only 1.1% naturally abundant, meaning that only 1.1% of the carbons in a sample are
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Figure 2.3. 13C CP-MAS NMR spectra of anhydrous thiamine hydrochloride in its 
crystalline (black, lower spectrum) and amorphous (gray, upper spectrum) forms. 
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“visible” to the NMR technique.  This can lead to sensitivity issues if the molecule or 

crystal form of interest is present at very low levels within the sample.  In order to 

increase sensitivity, a molecule can be isotopically labeled, where the 12C nuclei are 

replaced with 13C nuclei.  A molecule can be isotopically labeled at a specific carbon or

uniformly labeled, in which case all the carbons in the molecule are 13C nuclei.  If a 

particular molecule or drug is 13C labeled, the signal from the labeled carbon will be 

approximately 90 times greater than that of a natural-abundance signal.  This makes it 

possible to follow interactions and detect forms that might occur at low levels. 

 Although X-ray diffraction techniques are often considered the gold standard for 

polymorph identification,1 the requirement of long-range order can limit its applicability.  

Whereas SSNMR is based on short-range molecular interactions, X-ray diffraction 

techniques are based on the reflection of X-rays in a highly ordered lattice structure.  

Padden and coworkers performed a back-to-back comparison of PXRD and SSNMR in 

the analysis of neotame polymorphism.26  Based on the SSNMR analysis, differences in 

the spectra provided evidence for ongoing polymorphic transformations.  However, these 

crystal form changes were not observed by PXRD, since the transformations did not 

significantly alter the long-range order of the crystal lattice.  The authors acknowledged 

the limitations of PXRD for identifying polymorphs and concluded that SSNMR should 

be used more frequently in the analysis of polymorphic systems, since it is not limited by 

the need for long-range order. 

 There are many examples of the use of SSNMR to determine/characterize 

differences in crystal form in the literature, including differences among chiral systems.27-

32  One of the first studies to do so was performed by Hill et al., who demonstrated that 
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the crystallographic differences of racemic (±)-tartaric acid and enantiopure (+)-tartaric 

acid produced different peaks within the 13C CP-MAS NMR spectrum.30  The authors 

noted that, due to the ability for SSNMR to quantitate the relative amounts of (±)- versus 

(+)-tartaric acid, SSNMR is a novel method for assessing optical purity of a solid 

material.  Similar results have been shown by Munson and coworkers, who used 13C 

SSNMR to study the enantiopure and racemic cocrystal forms of ephedrinium 2-

naphthalenesulfonate.31  In these studies, they were able to identify and quantitate the 

enantiopure and racemic cocrystal forms in a physical mixture at a 10:90 ratio.  In the 

rare cases where the peaks of enantiopure and racemic cocrystals completely overlap, 

there are special SSNMR methods that can be used to distinguish between the two 

forms.29 

 Sometimes peak identification within a 13C SSNMR spectrum can be difficult due 

to the presence of many peaks for a carbon site.  As described previously, 

crystallographically inequivalent sites in a crystal structure can give rise to multiple peaks 

for a single carbon.  Similarly, the presence of multiple phase-separated crystal forms 

typically produce distinct peaks corresponding to each crystal form.  Sometimes, both of 

these situations are observed within a system, and determining whether multiple peaks 

for a single carbon are due to polymorphism and/or crystallographic inequivalencies is 

difficult.  In such cases, two-dimensional exchange NMR experiments can be used.  In 

these experiments, nuclei are excited and then allowed to “talk” to one another by 

exchanging magnetization through dipole–dipole interactions.  The farther apart the 

nuclei are, the longer it takes for the exchange process to occur.  By varying the exchange 

time, it is possible to determine which nuclei are near one another, as well as to identify 
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phase separation.  Thus, such an experiment can be helpful in making peak assignments, 

as it is possible to determine carbon connectivity, as well as in determining if phase 

separation or crystallographic inequivalence is the cause of multiple peaks for a single 

carbon in the spectrum.  Zell et al. used such 2D-exchange NMR experiments, along with 

high spin speed and decoupling power, in order to assign peaks to carbons of aspartame 

polymorphs.33 

 Although SSNMR alone can provide a large amount of information about a solid 

system, it can often benefit from complementary analysis.  For instance, SSNMR can be 

used in combination with diffraction methods to determine the degree of disorder within 

a crystal lattice.  The presence of defects within the crystal lattice, or the reduction of 

particle size, results in reduced coherence of the X-ray reflections, which leads to broad 

peaks of lower intensity, the extreme of which is an amorphous halo.34  In contrast, the 

effect of crystalline particle size on SSNMR peak widths is typically much less.  Thus, 

the comparison of PXRD and SSNMR analyses of a powder can give an idea as to the 

“degree of crystallinity” that exists in the sample: The sample is highly crystalline if both 

PXRD and SSNMR show sharp peaks; it is amorphous when both techniques show broad 

peaks; and it is disordered crystalline material when there are sharp SSNMR peaks, but 

broad peaks or an amorphous halo in the PXRD pattern.  Chakravarty et al. used the 

combination of SSNMR and PXRD to show that the dehydration of thiamine 

hydrochloride hemihydrate (THCl HH) did not produce amorphous material.  The PXRD 

pattern of dehydrated THCl HH contained a subtle amorphous halo.  However, the 13C 

CP-MAS NMR spectrum did not contain peaks corresponding to amorphous material.  

These observations led to the conclusion that THCl HH dehydration produced some 
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disorder/partial collapse of the crystal lattice, but not the formation of an amorphous 

phase.7 

 

2.3.3 Structural elucidation 

 Up until this point, the discussion has focused on the information available from 

SSNMR peak location and shape within the spectrum.  These sharp, isotropic peaks were 

achieved by spinning the sample rapidly at the magic angle, which reduced the influence 

of anisotropy on the observed line width (§ 2.2.2).  However, this anisotropy contains 

information about the local molecular structure within the crystal lattice.  Two-

dimensional NMR techniques such as PASS (Phase Adjustments of the Spinning 

Sidebands)35 and FIREMAT (Five Pi Replicated Magic-Angle Turning)18 take advantage 

of this information.  These techniques measure the shape of the chemical shift anisotropy 

(CSA) powder pattern by calculating the associated tensor values, which can be 

combined with computational molecular modeling to determine molecular 

conformation.36  This process has been applied to a variety of chemical systems, such as 

measuring bond lengths and dihedral angles in protein and peptide backbones,37,38 

identifying structural differences in various forms of diamond,39 and distinguishing 

conformational polymorphism.40-42  This type of conformational analysis is particularly 

valuable when crystal-structure elucidation is not possible by traditional X-ray diffraction 

methods.  This technique is also directly applicable to chiral compounds: Harper et al. 

characterized the stereochemistry and molecular conformation of diastereomers of 

terrein.43  In their study, the authors showed that comparing the SSNMR data with ab 

initio computations made it possible to determine both the relative stereochemistry and 
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conformation of terrein.  A comparison of this SSNMR–computational structure data was 

consistent with structure data achieved by XRD. 

  

2.3.4 Quantitation 

 Not only can SSNMR identify both crystalline and amorphous forms in solid 

materials, but it also is capable of quantitating the amount of each form present.  NMR is 

inherently a quantitative technique in that the signal that is observed is directly 

proportional to the relative number of like nuclei in the sample.  This is unique compared 

to most other analytical techniques, and it allows for the quantitation of forms without the 

need for a standard.44  SSNMR can be used to quantitate the amount of crystalline versus 

amorphous material present in a particular sample, as well as to quantitate mixtures of 

crystalline forms.44-46 Changes that might occur upon formulation, such as the 

crystallization of an amorphous drug, also can be monitored. 

 SSNMR spectra usually are acquired with cross polarization.  CP does not 

necessarily produce quantitative spectra because the signal that arises in a CP spectrum is 

dependent upon magnetization transfer from 1H to 13C nuclei.  Thus, the signal 

enhancement for a particular carbon nucleus depends on the number and strength of 1H–

13C interactions.  These differences are accounted for in the relaxation constants TCH and 

T1ρ, which describe the rate of magnetization transfer from 1H to 13C nuclei and the rate 

of magnetization decrease due to 1H relaxation, respectively.47  Quantitation of different 

physical forms is possible by accounting for these differences through careful 

optimization of the experimental conditions and use of calibration curves. 
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 Offerdahl et al. have used SSNMR to quantitate the different polymorphic forms 

of neotame present in physical mixtures.44  Figure 2.4 shows the 13C CP-MAS NMR 

spectrum of a 1:1 (wt/wt) physical mixture of the neotame polymorphs Form A and Form 

G.  The two aromatic resonances selected for quantitation represent the same carbon in 

each form.  The relative peak intensities are not the same for each form.  This indicates 

that the cross-polarization rate for each form is different.  By plotting the natural log of 

the relative peak area as a function of the contact time, the authors used the anti-log of the 

y-intercept to calculate the weight percent of each form.  Table 2.2 displays the summary 

of the data obtained from quantitation experiments on physical mixtures of neotame 

polymorphic Forms A and G.  It can be seen (Figure 2.5) that the relative weight percent 

determined by SSNMR corresponds with the weight percent values determined by mass.  

In some cases, the differences in CP dynamics may be negligible, which can simplify the 

acquisition of quantitative spectra.  However, even in these cases, it is important to take 

into account T1 relaxation differences that might exist between different forms. 

 Just as T1ρ and TCH relaxation constants can differ among different forms, T1 

values also can differ.  As mentioned in § 2.2.3, spectral acquisition parameters must 

include a pulse delay of 5 times the T1 value in order to avoid saturation effects.  When 

looking at a binary mixture of components, a given pulse delay may be sufficiently long 

as to avoid saturation of one component, but not long enough for the other.  The resulting 

spectrum will contain an artificially low peak area for the component that did not have 

sufficient time between pulses to relax completely.  Thus, when quantitative SSNMR 

spectra are desired, a pulse delay of at least 5 times the longest T1 must be used.
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Figure 2.4. 13C CP-MAS NMR spectra of a 1:1 (w/w) mixture of neotame Form A and 
Form G.  Adapted from Offerdahl et al.44 
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Table 2.2. A table displaying the weight percentages of neotame Form A and Form G, as 
determined by mass and by SSNMR quantitation methods.a  
 

Percent 
Form A Form Wt. % by 

Mass 
y-

intercept 
Relative 

Area 
Wt.% by 
SSNMR 

Difference 
(absolute) 

10 A 12.62 7.298 1478 13.7 1.0 
 G 87.38 9.142 9340 86.3  

20 A 21.20 4.955 141.9 22.0 0.8 
 G 78.80 6.221 503.1 78.0  

30 A 29.71 4.899 134.2 29.4 0.4 
 G 70.29 5.777 322.9 70.6  

40 A 39.12 5.038 154.2 37.9 1.3 
 G 60.88 5.534 253.1 62.1  

50 A 49.73 4.856 128.5 50.3 0.5 
 G 50.27 4.845 127.1 49.7  

60 A 61.56 4.868 130.1 62.3 0.7 
 G 38.44 4.367 78.80 37.7  

70 A 70.29 4.887 132.6 71.4 1.1 
 G 29.71 3.971 53.10 28.6  

80 A 80.88 4.878 131.4 81.8 1.0 
 G 19.12 3.372 29.10 18.2  

90 A 88.41 7.185 1320 89.0 0.5 
  G 11.59 5.099 164.0 11.0   

 
aAdapted from Offerdahl et al.44 



 64 

 
 
 
 
 
 
 
 

 
 
 
Figure 2.5.  Plot of the wt% of neotame Form A as measured by mass versus SSNMR 
quantitation.  Adapted from Offerdahl et al.44 
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2.3.5 Relaxation dynamics and molecular mobility 

 SSNMR is a particularly powerful technique for studying the dynamics of a 

system.  For a crystalline system, the mobility in the lattice can be observed, but 

potentially more important is the ability to look at specific sites of high mobility.  These 

highly mobile areas are often defect sites.  The mobility of a solid pharmaceutical system 

has important role in the physical and chemical stability of the drug.  Byrn and coauthors 

have shown that there is a relationship between molecular mobility and solid-state 

chemical reactivity.48  Such mobility can easily be introduced into a sample during 

processing steps, such as grinding or sorption of water vapor.49 

 There are many different methods for assessing mobility in solids by SSNMR,1,48 

including measuring NMR relaxation dynamics.  The most commonly cited relaxation 

values are the spin–lattice relaxation times T1 and T1ρ. 

 As described in § 2.2.3, T1 spin–lattice relaxation is a calculated constant that 

describes the rate at which a nucleus returns to its equilibrium state after excitation by a 

radiofrequency pulse.  Equilibrium is achieved by the release of energy from the nucleus 

to the surrounding lattice. For the 1H nucleus, dipolar interactions are the dominant 

mechanism for the relaxation process. 

 The T1 of the 1H nucleus is often of interest due to its role in choosing the proper 

experimental pulse delay, but it also is a measure of molecular motions in the MHz range, 

such as methyl-group rotations.  Theoretically, every crystallographically distinct 1H 

nucleus should possess its own 1H T1 value.  However, through the process of spin 

diffusion, in which the nuclei (spins) at different local sites equilibrate with one another 

through mutual exchange of magnetization, the relaxation rates are usually averaged for a 
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single solid phase.50  Thus, a single, averaged 1H T1 value is observed when the solid 

consists of a single phase.  However, when multiple phases are present, each phase may 

possess its own relaxation rate.  Due to the fact that the molecular arrangement/packing 

among different physical forms/phases often results in differences in molecular mobility, 

the relaxation rates between phases usually differ as well. 

 Relaxation measurements are often performed with a saturation–recovery NMR 

experiment that includes CP, such that it is possible to measure the 1H T1 value indirectly 

by measuring the changes in 13C signal.  In this manner, it is possible to refer to 1H T1 

relaxation times in reference to peaks in the corresponding 13C spectrum.  For instance, 

when looking at a 13C SSNMR spectrum that contains multiple peaks for a single carbon, 

it is possible to measure the 1H T1 values associated with each peak.  If the T1 values for 

all of the peaks are different, it suggests that each peak corresponds to a different crystal 

phase/form, whereas a similar T1 value suggests that a single phase exists.  This means 

that relaxation measurements can be helpful in distinguishing phase separation and 

polymorphism from crystallographic inequivalence.  Characterizing phase separation in 

this manner has predominantly been reported for determination of polymeric miscibility 

of solid dispersions in polymer science50 but applications to small molecule solids are 

reported as well.51-53 

 Whereas T1 values (typically measured in seconds) are associated with motions on 

the MHz scale, T1ρ values (ms) correspond to slower motions that occur at the kHz scale.1  

Aso et al. used these timescale differences to determine the domain sizes of two different 

phases, where very small domains (<5 nm) possessed T1 and T1ρ relaxation decays that 

were describable by a mono-exponential equation, domains >50 nm gave rise to T1 and 
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T1ρ relaxation decays describable by bi-exponential decays, and domain sizes of 5–50 nm 

had T1ρ described by a bi-exponential decay and a T1 by a mono-exponential decay.50  

Thus, T1 and T1ρ values are able to not only determine phase separation, but also estimate 

the degree of miscibility that exists between multiple components in a mixture or solid 

dispersion.50,52  Measuring differences in mobility among crystalline forms can be useful 

for understanding the physicochemical stability of a system, as well as for establishing 

and characterizing differences in physical forms.53 

 

2.3.6 Disadvantages 

 Despite the strengths of SSNMR, there are several reasons why it is not widely 

used for the characterization of pharmaceutical solids.  One reason is that considerable 

expertise is needed to acquire the SSNMR spectrum and to interpret the data.  Solid-state 

NMR spectrometers are also about an order of magnitude more expensive than many of 

the other analytical instruments available.  SSNMR is also relatively insensitive, leading 

to long analysis times.  This is a significant drawback because it limits the number of 

samples that can be run during a particular period of time.  Currently, the development of 

a multiple-sample NMR probe is being pursued in order to solve some of these sensitivity 

issues.54 
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2.4 Conclusion 

Solid-state NMR spectroscopy has emerged as an important technique for the 

characterization of pharmaceutical solids.  When a new drug molecule is discovered, it is 

important to characterize its solid-state properties, as these properties can have a dramatic 

effect on dissolution rate (and therefore bioavailability) and stability (both chemical and 

physical).  The advantage of using SSNMR experiments for characterizing 

pharmaceuticals stems from five areas. They are: 1) nondestructive and noninvasive 

analysis; 2) detection and identification of different phases/solid forms; 3) elucidation of 

structural information, such as conformation and arrangement of molecules within a 

solid; 4) quantitation of different solid forms; and 5) study of molecular dynamics.  The 

unique information obtained by SSNMR also makes it useful for studying chiral solids, 

the subject of this dissertation.  Although current use of SSNMR is not widespread within 

the pharmaceutical industry due to expense, long analysis times, and low throughput, the 

development of the multiple-sample probe, as well as other advancements, will increase 

the potential employment of SSNMR in the near future. 
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Chapter 3 

Comparison of Polymorphic Forms Produced from  

Different Crystallization Techniques in Enantiomeric Systems:  

Solution Crystallization and Lyophilization of Proline 
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3.1 Introduction 

3.1.1 Chirality and crystal form 

 The purpose of this work was to evaluate the differences in crystal forms of 

proline that result from changes in enantiomeric ratio and crystallization conditions. 

 Most chiral drugs are marketed as single enantiomers because each enantiomeric 

form can possess significantly different pharmacological and toxicological activities.1,2  

Despite improvements in stereoselective synthesis and chiral separations in the past 

decades, crystallization mechanisms remain a common method for achieving the desired 

enantiopurity from a mixture of enantiomers.3  This means that both enantiomers (the 

desired enantiomer as well as the undesired, enantiomeric impurity) are present during 

the crystallization process. 

 The enantiomeric impurity can crystallize in the presence of its antipode to form 

a) its own enantiopure crystal lattice, b) a racemic crystal (denoted as a cocrystal) by 

pairing with the antipode to form the crystal lattice, and/or c) a solid solution where the 

impurity exists as a guest (chiral defect) within the homochiral lattice of the antipode 

(Figure 3.1).4  

 The crystallization process can greatly affect the number and ratio of the resulting 

crystal forms.  For enantiomeric systems, the process may determine whether the 

resulting product is a pure form or a solid solution.  Of particular interest in these studies 

was determining the effect of the overall enantiomeric ratio on the crystallization of 

enantiopure, cocrystal, and solid-solution forms. 
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Figure 3.1.  a) racemic conglomerate, consisting of physically mixed enantiopure 
crystals; b) racemic compound, which is a cocrystal of the enantiomers; and c) solid 
solution. 
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3.1.2 Crystallization of L- and D-proline enantiomers 

 We were interested in comparing two crystallization methods, specifically 

crystallization from a solution and crystallization by lyophilization, in order to determine 

the effect of each on the observed crystalline products.  Crystallization from a saturated 

solution is a well-established method for generating crystals of a particular form.  

Polymorphic screens are often performed by crystallizing a drug molecule from many 

different solvents, at different temperatures, and at various pH values.5  On the other 

hand, lyophilization is a technique often used to produce amorphous, non-crystalline 

materials.  Despite this, we have observed that lyophilization of some small molecules 

(e.g., aspirin, unpublished) will produce crystalline material. 

 These two crystallization methods fundamentally differ in the kinetics associated 

with crystallization.  In solution-based crystallization, the molecules possess a high 

degree of mobility and can diffuse relatively easily during the growth of a crystal lattice.  

In lyophilization, however, the drug molecules are frozen in place as the water (ice) is 

removed by sublimation.  Thus, the lyophilization process slows the translational 

diffusion that occurs readily during crystallization of a drug in solution. 

 Proline was chosen as a model chiral compound for these studies.  It has several 

benefits as a model compound, including: one chiral center in the molecule; readily 

purchasable with single or multiple 13C-labeled sites; relatively low molecular weight, 

corresponding to a reasonable signal-to-noise ratio for a given sample mass; few known 

crystal forms; and a long 1H T1 relaxation time, which is helpful for observing relaxation 

differences between crystal forms.  Other model compounds in the literature for studying 

chiral impurities6-8 lacked one or more of the requirements listed above. 
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3.2 Experimental 

3.2.1 Bulk materials 

 L- and DL-proline were purchased from Alfa Aesar (Ward Hill, MA), D-proline 

was purchased from Sigma-Aldrich (St. Louis, MO), and L-proline containing an isotopic 

label on the carbonyl carbon (denoted L-[1-13C]proline) was purchased from Cambridge 

Isotope Laboratories, Inc. (Andover, MA).  All amino acids were used as received 

without further purification. 

 

3.2.2 Sample preparation 

 L-proline monohydrate (MH) was formed by incubating bulk L-proline at 30ºC, 

60% RH, for 16 hr. 

 DL-proline monohydrate (DL-MH) was prepared by exposure of lightly ground 

DL-proline to RH >35% at ambient temperature.  TGA and DSC analysis were used to 

confirm the formation of both L-MH and DL-MH. 

 Crystallization from aqueous solution.  Solutions of proline enantiomers were 

prepared by dissolving w/w mixtures of L- and D-proline in double-distilled water.  Each 

solution was transferred to a 400-mL beaker, covered with a KimWipe, and heated at 

75ºC in a dry bath until the water had evaporated.  The solid material was periodically 

agitated with a spatula in order to facilitate complete drying and dehydration. 

 Crystallization by lyophilization.  Solutions of various L-proline to D-proline 

ratios were prepared as above, at final concentrations of 0.6% w/v. In order to perform 

spectral subtractions at lower concentrations of L-proline (2–15% L-proline, vide infra), 

each L-/D-proline ratio was prepared twice: One solution contained natural-abundance L-
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proline, and the other contained L-[1-13C]proline.  The solutions were then lyophilized in 

10-mL aliquots (within 20-mL scintillation vials) using a bench top freeze dryer (VirTis 

AdVantage; VirTis; Gardiner, NY).  The lyophilization cycle was 32 hr (-35, -5, 5, 15, 

and 25°C; for 2, 8, 6, 6, and 10 hr respectively) with an initial 2-hr freezing step (-35ºC) 

and a vacuum set point of 90 mTorr.  Upon completion of the lyophilization recipe, the 

vacuum was released by purging the sample chamber with ambient air.  Due to their 

hygroscopic nature, all samples were stored in a desiccator over anhydrous calcium 

sulfate until analysis was performed. 

 

3.2.3 Solid-state NMR spectroscopy 

 All 13C spectra were acquired on a Chemagnetics CMX-300 spectrometer 

(Varian, Inc.), operating at 75 MHz for 13C.  All acquisitions included cross polarization 

(CP),6,7 magic-angle spinning (MAS)8 at a rate of 4 kHz (±3 Hz), two-pulse phase 

modulation (TPPM) or SPINAL64 decoupling9 at a field strength of ~72 kHz, and total 

sideband suppression (TOSS).10  A contact time of 2 ms was used for all samples.  1H T1
 

relaxation measurements were performed using a saturation–recovery pulse sequence, 

and T1 values were calculated using KaleidaGraph (version 4.01, Synergy) with the 

equation y = amp(1-exp(-τ/T1), where y is the integrated signal intensity, amp is the 

amplitude constant, τ is saturation–recovery time, and T1 is the spin–lattice relaxation 

time.  3-methylglutaric acid (MGA) was used to optimize the spectrometer settings as 

well as to set the reference frequency.11  All samples were packed into zirconia rotors 

with Teflon® or ribbed Kel-F® end caps.  Experiments were performed at ambient 
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temperature (~20ºC) using a 7-mm double-resonance MAS probe (Revolution NMR, 

Inc.; Fort Collins, CO) with a 3.5-µs 1H pulse duration.  

 

3.2.4 Powder X-ray diffraction 

 Diffraction patterns were acquired with either a Scintag X2 Diffraction System 

(XGEN-4000; Scintag, Inc.; CuKα radiation, 45 kV × 35 mA) or a Scintag XDS 2000 

(Scintag, Inc.; CuKα radiation, 45 kV × 40 mA) with an angular range of 8–35º 2θ, a step 

size of 0.02º, and a dwell time of 4 sec.  Each sample (~300 mg) was packed into a 

stainless-steel die.  Analyses were performed at ambient conditions.  Powder patterns 

were simulated from Cambridge Structural Database CIF files using Mercury (version 

2.3, Build RC4; CCDC; Cambridge, UK). 

 

3.2.5 Differential scanning calorimetry 

 Differential scanning calorimetry (Q100 DSC; TA Instruments; New Castle, DE) 

was performed on samples of 3–8 mg that were packed into standard aluminum pans 

under ambient conditions and lightly crimped.  Data was collected from room 

temperature to ~240ºC, with a temperature ramp of 10ºC/min and a 50-mL/min dry 

nitrogen purge. 

 

3.2.6 Thermogravimetric analysis 

 Sample water content and degradation were determined by thermogravimetric 

analysis (Q50 TGA, TA Instruments; New Castle, DE).  Samples of 10–20 mg were 
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heated from room temperature to >300ºC at a rate of 10ºC/min under a 40-mL/min dry 

nitrogen purge. 

 

3.2.7 Dynamic water vapor sorption and desorption 

 Approximately 15–30 mg of sample was placed in a round-bottom quartz sample 

holder of an automated symmetric vapor sorption analyzer (VT1-SGA-100; TA 

Instruments; New Castle, DE).  The RH (25ºC) was increased from 10% to 60%, then 

decreased back to 10%, in increments of 5%.  The equilibrium criteria for each step was 

<0.0100 wt % change in 5.0 min, with a maximum hold time of 2400 min. 

 

3.3 Results 

 Our strategy for comparing traditional solution crystallization to lyophilization 

was to prepare mixtures of proline enantiomers using the two different methods and 

characterize the products using DSC, PXRD, and SSNMR.  One of the most common 

methods to characterize enantiomeric systems is to prepare a phase diagram. 

 

3.3.1 Characterization of the phase diagram of proline enantiomers 

 The binary melting-point phase diagram for proline enantiomers was constructed 

and is shown in Figure 3.2a.  The samples used to create this phase diagram were 

crystallized from aqueous solution.  The shape of the plot shows that proline forms a 

racemic compound as opposed to a racemic conglomerate.4,12  This is consistent with 

published X-ray diffraction results and demonstrates the existence of a proline racemic 

cocrystal.13-15  The eutectic melting temperature is ~207ºC (dotted line in Figure 3.2a), 
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Figure 3.2.  Thermal analysis of proline.  a) Binary melting-point phase diagram of 
proline enantiomers. Melting onset (eutectic melting) and end-of-fusion peak (liquidus) 
temperatures are represented by circles and crosses, respectively.  (n=3: averages and 
standard deviations plotted.)  Dotted and dashed lines indicate trends in liquidus and 
solidus melting temperatures. Theoretical compositions of each region: 1) DLsol + Lsol, 2) 
DLsol + Dliq + Lliq, 3) Lsol + Dliq + Lliq, and 4) Dliq + Lliq. 
b) Overlay of DSC and TGA thermograms for bulk L-proline.  Percent total weight loss 
at 175ºC and the melting peak are included. 
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and the eutectic composition is estimated to be ~30:70.  This is a typical ratio for a phase 

diagram, which can theoretically possess a eutectic anywhere between 0:100 and 50:50, 

where a eutectic at 50:50 evidences the formation of a racemic conglomerate versus a 

racemic cocrystal 

 Typically, the eutectic composition can be obtained by calculating the intersection 

of theoretical liquidus and solidus lines using the Schröder-Van Laar and Prigogine-

Defay equations.4  However, these calculations require accurate heat-of-fusion 

measurements, which were not measurable by DSC due to the sublimation/degradation of 

proline at high temperatures (Figure 3.2b).  The estimated eutectic composition of 30:70 

is consistent with results from Blackmond et al., who defined a eutectic composition of 

~25:75 in the tertiary phase diagram of L- and D-proline in DMSO.16 

 During the construction of the binary phase diagram for proline, melting peaks 

were observed between the eutectic and liquidus melting temperatures for 4 and 6% L-

proline levels.  When multiple crystal forms are present, multiple eutectic melts can be 

observed.4  These peaks (~211ºC) may correspond to a polymorph or solvate of proline. 

 

3.3.2 Proline crystal forms 

 The Cambridge Structural Database (CSD) contains single-crystal structures 

corresponding to four crystalline forms of proline.  These consist of two enantiopure 

crystal forms (anhydrous L-proline17 and L-proline monohydrate18) and two racemic 

cocrystal forms (anhydrous DL-proline13 and DL-proline monohydrate14,15). 

 Figure 3.3 shows PXRD patterns of proline crystal forms prepared as reference 

materials.  The identity of each form was confirmed by comparing the experimental 
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Figure 3.3.  PXRD patterns of proline crystal forms: a) L, b) L-MH, c) DL-MH, and d) 
DL. 
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powder patterns from Figure 3.3 to simulated patterns from the CSD single-crystal 

structures.  Simulated patterns for L-proline (L), L-proline monohydrate (L-MH), DL-

proline monohydrate (DL-MH), and DL-proline (DL) matched the patterns shown in 

Figures 3.3a–d, respectively.   

 These reference materials were also analyzed by 13C SSNMR in order to identify 

the carbon peak positions associated with each crystal form.  Figure 3.4 shows 13C CP-

MAS NMR spectra of these proline crystal forms.  The spectrum of enantiopure L-

proline (same spectrum as D-proline) is shown in Figure 3.4a with peak assignments.  

There is a single peak for each carbon in the molecule, indicating the presence of one 

molecule per asymmetric unit.  The peaks at ~62 and 46 ppm correspond to carbons 2 

and 5 in the proline molecule.  These peaks show splitting and are broader than the other 

peaks in the spectrum due to heteronuclear dipolar coupling with the neighboring 

quadrupolar nitrogen. 

 The other crystalline proline forms represented in Figure 3.4 include L-MH 

(Figure 3.4b, same spectrum as D-MH) and the two racemic cocrystal forms, DL-MH 

(Figure 3.4c) and anhydrous DL (Figure 3.4d).  The 13C CP-MAS NMR chemical shifts 

and the abbreviated name for each crystal form are shown in Table 3.1.  Differences in 

chemical shifts are clearly observed among different proline crystalline forms, allowing 

for SSNMR identification of each form when present in a mixture.  With reference 

SSNMR spectra and PXRD patterns in hand, it was possible to analyze mixtures of 

various enantiomeric ratios of proline that were crystallized together from aqueous 

solution. 
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Figure 3.4.  13C CP-MAS NMR spectra (top to bottom) of proline crystal forms 
corresponding to enantiopure a) L and b) L-MH; and racemic cocrystals c) DL-MH, and 
d) DL. 
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Table 3.1.  13C CP-MAS NMR chemical shifts (ppm) for proline crystal forms 
 

  Carbonyl 
peak Aliphatic peaks 

Crystal form Abbrev. C1 C2 C5 C3 C4 
Enantiopurea L/D 175.3b 61.9 46.5 33.0 25.4 
Enantiopure monohydrate L-MH 177.6 61.5 48.6 30.5, 

30.3 
26.1, 
25.9 

Racemic cocrystal 
monohydrate DL-MH 177.2 60.1 48.5 30.8 26.2 

Racemic cocrystal DL 175.3b 60.6 45.9 31.0 24.2 
 

aEnantiopure D- and L-proline have the same 13C SSNMR peak positions.  bEnantiopure 
and DL spectra overlap at the carbonyl peak, but peak differences are observed for the 
aliphatic peaks. 
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3.3.3 Crystallization of various enantiomeric ratios from aqueous solution   

 Figure 3.5a shows the 13C CP-MAS NMR spectra corresponding to samples of 

25–50% L-proline.  These samples were crystallized from aqueous solution, which was 

the same preparation method used to create samples for the binary phase diagram in 

Figure 3.2a.  Concentrations of 25–50% L-proline were chosen in order to facilitate 

observation of peaks for different crystalline forms in SSNMR spectra and PXRD 

patterns.  Peak identification was more difficult at much lower concentrations.  The 25% 

L-proline sample showed the presence of D and DL crystal environments, indicated by 

the presence of peaks at 33.0 and 25.4 ppm (D-proline) and at 31.0 and 24.2 ppm (DL).  

There is only one peak in the carbonyl region due to overlapping peaks for these two 

forms in this region of the spectrum.  As the amount of L-proline in the crystallization 

medium was increased to 50%, DL peak area increased at the expense of D, until only 

DL was observed.  The peak areas for C-3 were used to calculate the relative amount of 

each crystal form, which was then plotted as a function of total L-proline concentration in 

Figure 3.5b. 

  

! 

Relative amount of each crystal form =  
Individual peak areaC-3

Total peak areaC-3
"100% 

 Table 3.2 contains the 1H T1 values corresponding to these samples.  There are no 

apparent trends in the relaxation data, but the average values for both D and DL crystal 

forms are relatively high (~60 s), which is indicative of low molecular mobility in the 

crystal lattices. 

 Figure 3.6 contains PXRD patterns of 25–50% L-proline that complement the 

SSNMR spectra shown in Figure 3.5a.  These diffraction patterns followed the same 



  91 

 
 
 
Figure 3.5.  a) 13C CP-MAS NMR spectra of 25–50% L-proline samples crystallized 
from aqueous solutions.  C-1, C-3, and C-4 peaks are shown. b) Plot of C-3 relative peak 
areas as a function of total % L-proline in each sample. 
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Table 3.2.  1H T1 relaxation values (s) for proline samplesa 

 
Preparation 

method 
Percent 

L-proline DL-MH DLb Db 

     
Solution 25 -- 44.9 (0.3) 64.0 (0.4) 

 30 -- 66.6 (0.6) 70.2 (0.3) 
 35 -- 64.5 (0.2) 62.7 (0.3) 
 40 -- 71.6 (0.7) 63 (1) 
 45 -- 62.5 (0.6) 47 (2) 
 50 -- 56.6 (0.9) -- 

 Average 
(st. dev.) -- 61 (9) 61 (9) 

 

aValues were calculated by integrating or deconvoluting (when not resolved) peak areas 
of carbonyl and aliphatic peaks and averaging the resulting relaxation times.  Values in 
parentheses indicate standard deviation.  bEnantiopure and DL spectra completely overlap 
at the carbonyl peak, thus the T1 value of this peak was not included in the averages. 
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Figure 3.6.  PXRD patterns of 25–50% L-proline samples crystallized from aqueous 
solutions. 
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trend as observed by SSNMR analysis, in which only forms D and DL were present, and 

DL was the only crystal form present at the 50% L-proline level.  All of the diffraction 

peaks are fairly sharp, which demonstrates highly ordered crystalline material.  This 

highly ordered nature contributes to the interpretation of the long relaxation times, as 

material with a high degree of crystallinity often possesses slow relaxation due to 

decreased molecular mobility.19 

 The SSNMR and PXRD data support the conclusion that proline is a racemic 

cocrystal at room temperature, not a racemic conglomerate or solid solution.  It also 

indicates that the amount of excess enantiomer (L-proline, in this case) in a proline 

sample prepared by this crystallization method can be directly measured in the solid state 

by quantitating the relative amounts of DL and enantiopure material.20 

 

3.3.4 Samples prepared by lyophilization 

 Figure 3.7 shows 13C CP-MAS NMR spectra for samples of 25–50% L-proline 

prepared by lyophilization.  Unlike in the solution-crystallized samples, where only DL 

and D crystal forms were observed, these spectra show that there were at least 4 different 

crystal environments present in the lyophilized samples, including D, DL, DL-MH, and 

an unreported form with peaks at 32.0 and 26.7 ppm in the spectrum. 

 This new form was determined to be a racemic cocrystal based on the relative 

peak areas in the 13C CP-MAS spectrum.  For instance, theoretically, upon crystallizing a 

sample containing 25% L-proline, the L molecules (25% of the total) will pair in a 1:1 

ratio with D molecules (25%) to form DL.  The resulting DL form(s) will compose 50% 

(25% L + 25% D) of the total sample.  The remaining 50% of the sample will consist of 
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Figure 3.7. 13C CP-MAS NMR spectra of 25–50% L-proline samples prepared by 
lyophilization.  C-1, C-3, and C-4 peaks are shown. 
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the excess D-proline form(s).  This is exactly what is observed in Figure 3.5a and b: At 

the 25% L-proline level, 50% of the peak intensity for C-3 corresponded to D and the 

other 50% corresponds to DL.  If new forms of D or DL existed, changes in the relative 

areas of each of these peaks would decrease by an amount corresponding to the peak area 

of the new form(s).  In Figure 3.7, at the 25% L-proline level, the relative C-3 peak area 

for D was ~50%.  Thus, there was no polymorphism associated with D, and the other 

three peaks corresponded to DL (racemic cocrystal) forms. 

 Additionally, dynamic water vapor sorption analysis (DVS) indicated that this 

new racemic cocrystal form was anhydrous (Figure 3.8).  It did not lose weight at 0% RH 

(25ºC), which would demonstrate loss of waters of hydration.  However, increasing the 

RH resulted in a weight % gain that corresponded to the formation of a monohydrate 

(Figure 3.8).  The behavior of this monohydrate formation is very similar to that of the 

previously reported racemic cocrystal form.  The DVS sorption/desorption profiles for 

crystal forms of the new DL polymorph, as well as previously reported D and DL forms, 

are overlayed in Figure 3.8. 

 This new anhydrous racemic cocrystal will now be referred to as DL-proline form 

II (DL-II).  The previously published form, previously abbreviated DL, is now denoted as 

DL-proline form I (DL-I).  SSNMR spectra and PXRD pattern overlays that include the 

new polymorph DL-II are shown in Figures 3.9 and 3.10.  The 13C chemical shifts of DL-

II are provided in Table 3.3. 

 In Figure 3.7, at the 25% L-proline level, the major components were D and DL-

II, with small amounts of DL-I and DL-MH.  Increasing amounts of L-proline in the 

crystallization medium led to decreases in D-proline as more DL-I and DL-II were 
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Figure 3.8.  Dynamic water vapor sorption analysis of proline crystal forms L, DL-I, and 
DL-II. Solid icons and lines indicate sorption profiles, and dashed lines and open icons 
indicate the desorption profiles. 



  98 

 
 

 
 
 
Figure 3.9.  13C CP-MAS NMR spectra (top to bottom) of proline crystal forms 
corresponding to enantiopure a) L and b) L-MH; and racemic cocrystals c) DL-MH, d) 
DL-I, and e) DL-II. 
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Figure 3.10.  PXRD patterns of proline crystal forms: a) L, b) L-MH, c) DL-MH, d) DL-
I, and e) DL-II. 
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Table 3.3.  13C CP-MAS NMR chemical shifts (ppm) for proline crystal forms 
 
  Carbonyl 

peak Aliphatic peaks 

Crystal form Abbrev. C1 C2 C5 C3 C4 
Enantiopurea L/D 175.3b 61.9 46.5 33.0 25.4 
Enantiopure monohydrate L-MH 177.6 61.5 48.6 30.5, 

30.3 
26.1, 
25.9 

Racemic cocrystal 
monohydrate DL-MH 177.2 60.1 48.5 30.8 26.2 

Racemic cocrystal form I DL-I 175.3b 60.6 45.9 31.0 24.2 
Racemic cocrystal form II DL-II 176.3 60.6 47.6 31.9 26.7 
 

aEnantiopure D- and L-proline have the same 13C SSNMR peak positions. 
bEnantiopure and DL-I spectra overlap at the carbonyl peak, but peak differences are 
observed for the aliphatic peaks. 
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produced.  Between 40 and 45% L-proline, the level of DL-I surpassed that of DL-II.  At 

the 50% L-proline level, the sample consisted almost solely of DL-I. 

 Figure 3.11 shows the PXRD diffraction patterns for samples of lyophilized 25–

50% L-proline.  Peaks corresponding to crystalline DL-MH (~8.7º 2θ), DL-I (~9.5º 2θ), 

DL-II (~14.2º 2θ), and D (~18.0º 2θ) were observed.  Additionally, there was a peak at 

~15.4º 2θ that could not be attributed to a specific form, but may correspond to a 

metastable form, as it was not observed in subsequent analyses.  It is not surprising that 

there may be additional peaks in the PXRD patterns.  Several other crystalline forms 

were observed in the SSNMR spectra of proline samples that were prepared under dry 

conditions (nitrogen gas).  This topic is discussed in further detail in Chapter 5. 

 The PXRD peaks for the lyophilized samples (Figure 3.11) were broader and less 

resolved than the peaks for samples crystallized from solution (Figure 3.6).  However, no 

amorphous halo is observed.  These observations indicate the absence of amorphous 

material but the presence of disorder within the crystal lattices of the lyophilized proline 

samples.  In this case, the use of the word “disorder” is based on the idea that a 

completely ordered crystal lattice can gradually and continuously decrease in order, 

becoming a completely disordered amorphous phase in the extreme case.21-23  If such 

disorder exists, it should produce a decrease in SSNMR 1H T1 relaxation values due to 

increased molecular mobility in the crystal lattice. 

 Table 3.4 contains 1H T1 relaxation values corresponding to the spectra shown in 

Figure 3.7.  The average relaxation values for all crystal forms among lyophilized 

samples are lower than those in the samples crystallized from solution (shown in both 

Tables 3.2 and 3.4).  This suggests that a greater degree of molecular mobility exists 



  102 

 
 
 
 
 
 
 

 
 
 
Figure 3.11.  PXRD patterns of 25–50% L-proline samples prepared by lyophilization. 
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Table 3.4.  Compiled 1H T1 relaxation values (s) for proline samplesa 

 
Preparation 

method 
Percent 

L-proline DL-MH DL-II DL-Ib Db 

      
Solution 25 -- -- 44.9 (0.3) 64.0 (0.4) 

 30 -- -- 66.6 (0.6) 70.2 (0.3) 
 35 -- -- 64.5 (0.2) 62.7 (0.3) 
 40 -- -- 71.6 (0.7) 63 (1) 
 45 -- -- 62.5 (0.6) 47 (2) 
 50 -- -- 56.6 (0.9) -- 

 Average 
(st. dev.) -- -- 61 (9) 61 (9) 

      
Lyophilized 25 17 (2) 27 (2) 25.9 (0.4) 30.8 (0.4) 

 30 20 (2) 26.9 (0.3) 29.7 (0.7) 29.7 (0.1) 
 35 19 (2) 24.2 (0.4) 29.3 (0.7) 25.1 (0.8) 
 40 20 (1) 27.9 (0.4) 33.2 (0.9) 28 (2) 
 45 18 (2) 25 (2) 27.3 (0.1) 26 (0.6) 
 50 19 (2) -- 37.1 (0.2) -- 

 Average 
(st. dev.) 19 (1) 26 (2) 30 (4) 28 (2) 

 

aValues were calculated by integrating or deconvoluting (when not resolved) peak areas 
of carbonyl and aliphatic peaks and averaging the resulting relaxation times.  Values in 
parentheses indicate standard deviation. 
bEnantiopure and DL-I spectra completely overlap at the carbonyl peak, thus the T1 value 
of this peak was not included in the averages. 
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in the crystal lattices of lyophilized samples than in solution-crystallized samples and is 

consistent with the differences in PXRD diffraction peaks for samples prepared by these 

two methods. 

 SSNMR and PXRD analyses both detected D, DL-I, DL-II, and DL-MH 

crystalline phases in the lyophilized samples, and the PXRD patterns and 1H T1 relaxation 

values indicated disorder within the crystal lattices.  This is in contrast to samples 

prepared from solution, which only contained D and DL-I crystalline phases.  Due to the 

observation of the new polymorphic form, DL-II, it was of interest to extend the range of 

enantiomeric ratios crystallized by lyophilization.  In order to measure relative ratios of 

the various crystal forms at lower L-proline concentrations, it was necessary to use 

isotopic 13C labeling. 

 

3.3.5 Observing low levels of impurities in lyophilized proline products 

 The methodology used to study low levels of L-proline was the same as used by 

Zell et al. to study the location of chiral defects in polylactide.24,25  Figure 3.12 illustrates 

the spectral-subtraction method used in this study.  At each concentration of L-proline, 

two samples were prepared: one containing L-[1-13C]proline (Figure 3.12a) and the other 

containing natural-abundance (NA) L-proline (Figure 3.12b).  The spectrum of the NA 

sample was subtracted from that of the 13C-labeled sample, and the resulting spectral 

subtraction (Figure 3.12c) shows only the carbonyl peaks that arise from the 13C-labeled 

L-proline.  By performing spectral subtractions and comparing the remaining carbonyl 

peaks to known forms (Table 3.3), it was possible to selectively determine the crystal 

environments in which L-proline molecules were incorporated.  The subtraction in Figure 
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Figure 3.12.  Spectral-subtraction method for lyophilized 12% L-proline in D-proline. a) 
13C CP-MAS NMR spectrum of 12% L-[1-13C]proline and 88% D-proline; b) 13C CP-
MAS NMR spectrum of 12% L-proline and 88% D-proline; and c) difference spectrum 
that selectively shows peaks of only the 13C-labeled L-proline. 
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3.12 corresponds to lyophilized samples of 12% L-proline with 88% D-proline.  In this 

subtraction, there are four carbonyl peaks.  The peaks located at 177.2, 176.3, and 175.3 

ppm correspond to the carbonyl carbon of racemic cocrystals DL-MH, DL-II, and DL-I, 

respectively.  A fourth peak at 174.7 ppm that does not correspond to any known form of 

proline has been assigned to L-proline molecules incorporated as substitutional chiral 

defects (L-CD) in the D-proline host crystal matrix.  Evidence for the assignment of the 

174.7-ppm SSNMR peak to L-CD is the basis of Chapter 4. 

 Figure 3.13 shows a series of 13C CP-MAS NMR spectral subtractions that were 

performed with lyophilized samples containing 2–15% L-proline.  Again, because these 

are spectral subtractions, the peaks arise from only the carbonyl carbon of the L-proline 

molecules.  All spectra are normalized to the same maximum intensity in this figure.  At 

the 2% L-proline level (Figure 3.13), predominantly DL-MH, some DL-I, and L-CD are 

observed.  Higher levels of L-proline resulted in large increases in DL-II, moderate 

increases in DL-I and L-CD, and a decrease in DL-MH. At 15% L-proline, DL-II 

dominates the spectrum, but peaks for DL-MH, DL-I, and L-CD are still visible. 

 

3.3.6 Quantitating crystal forms in lyophilized samples 

 Deconvoluted peak areas were used to calculate the relative amounts of each 

crystal form.  Strict quantitation methods were not used, but all samples were acquired 

with a pulse delay greater than five times the longest 1H T1 to avoid saturation effects.26   

As in the Figure 3.5b plot, the peak areas for C-3 were used to calculate the relative 

amount of each crystal form in lyophilized 20–50% L-proline samples: 
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Figure 3.13.  13C CP-MAS NMR spectral subtractions for increasing amounts of L-
proline in D-proline prepared by lyophilization. 
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! 

Relative amount of crystal form =  
Individual peak areaC-3

Total peak areaC-3
"100% 

 Due to the use of isotopic labeling for 2–15% L-proline samples, the method for 

calculating the amount of each crystal form differed slightly from unlabeled samples.  

The relative amount of each crystal form in labeled samples was calculated based on 

carbonyl peak area using the equation: 

  

! 

Rel. amt. of crystal form =  
Individual peak areaC-1

Total peak areaC-1
"100%

# 

$ 
% 

& 

' 
( " (Total % L - proline) " 2  

The factor of two is required for calculating the amounts of racemic cocrystal forms 

because the subtracted spectra correspond only to the 13C-labeled L-proline.  Thus, only 

half of the signal due to the presence of a racemic cocrystal, which is composed of 

equimolar amounts of both L- and D-proline molecules, is represented in the observed 

spectrum.  The measured signal must be doubled to account for the “missing” D-proline. 

 The relative amounts of each crystal form, calculated as just described, are plotted 

in Figure 3.14.  Dashed lines were added to the plot in order to highlight trends.  This plot 

qualitatively and quantitatively demonstrates sample differences resulting from 

lyophilization (Figure 3.14) versus solution-crystallization (Figure 3.5b) preparation 

methods.  Qualitatively, the most apparent difference was the presence of DL-II and DL-

MH, which were not observed in the solution-crystallized samples.  Quantitatively, trends 

show that DL-II was the predominant racemic cocrystal form at low concentrations of L-

proline.  Slightly above the eutectic composition, DL-II reached a maximum level, and 

there was a dramatic increase in the amount of DL-I with increasing L-proline 

concentration.  At the 50% L-proline concentration, DL-I was the main product. 
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Figure 3.14.  Plot of C-3 (20–50% L) and C-1 (2–15% L, subtracted spectra) relative 
peak areas as a function of total % L-proline in each sample. (n=1: 12 and 35% L; n=2: 
2–10, 15, 20, 30, 45% L; n=3: 40, 50% L; n=5: 25% L; average and either range or 
standard deviation plotted; n represents analyses of different samples, not repeated 
analyses.) 



  110 

 In order to better understand the trends observed in Figure 3.5b versus Figure 

3.14, including the presence/absence of the previously unreported DL-II polymorph, the 

energy relationship between DL-I and II was studied. 

 

3.3.7 Energy relationship between DL-I and II 

 Energetic relationships between polymorphic forms are defined as either 

monotropic (one form is more stable at all temperatures) or enantiotropic (the relative 

stability of the two polymorphs switches at a defined transition temperature).  

Enantiotropic versus monotropic relationships are usually assigned by Burger–Ramberger 

rules.27,28   In the proline system, these rules could not be applied because it was not 

possible to accurately measure the enthalpy of fusion, and no endotherm/exotherm 

transitions were observed in the DSC prior to melting.  However, defining the relative 

stability of the polymorphs at two different temperatures allows one to define the energy 

relationship that exists between those two temperatures.  The observation of a 

spontaneous polymorphic transformation during SSNMR analysis demonstrated the 

relative stability of DL-I and DL-II at room temperature.  An example of this observed 

transformation is shown in Figure 3.15. 

 Figure 3.15a shows 13C CP-MAS NMR spectra of a lyophilized 40% L-proline 

sample analyzed as a function of time at room temperature, starting immediately after the 

lyophilization method was completed.  The initial spectrum (45 min) contains peaks for 

D, DL-II, and DL-I, but changes in the peaks were observed over time.  The changes in 

the relative peak area of C-3 as a function of time are plotted in Figure 3.15b.  The plot 

demonstrates a rapid initial transformation from DL-I to DL-II, with a plateau ~16 hr 
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Figure 3.15.  A 40% L-proline sample prepared by lyophilization. a) 13C CP-MAS NMR 
spectra as a function of time elapsed since the end of the lyophilization cycle.  Peaks for 
C-1, C-3, and C-4 are shown.  b) Plot of C-3 relative peak areas for D (circles), DL-II 
(squares), and DL-I (triangles) as a function of elapsed time. 
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after the sample was removed from the lyophilizer.  This spontaneous polymorphic 

transformation indicates that DL-II is more thermodynamically stable at room 

temperature than DL-I.  It is important to note that, due to these observations, SSNMR 

analyses (spectra in Figure 3.7, relaxation measurements in Table 3.4) were not 

performed until after the initial rapid transformation had occurred. 

 In addition to the polymorphic transformation of DL-I to DL-II, Figure 3.15b also 

indicates a potential transformation involving D.  The plot shows a relative increase in 

the amount of D at the apparent expense of DL-I.  There are two potential causes for 

these relative changes: 1) the presence of an unidentified D polymorph that possesses a 

peak located underneath the DL-I C-3 peak (31.0 ppm), the area under which was used to 

calculate the relative amounts of each crystal form, or 2) a relative change in the 

relaxation times between the two forms occurred, in which case the observed relative 

increase in D is not real, but simply reflective of changes in relaxation dynamics within 

the sample.  Due to the rapid changes in the sample, it was not possible to measure the 

initial relaxation times of the sample.  Thus, it is not possible to determine whether the 

changes in this peak area are due to relative changes in the relaxation of D and DL-I, or if 

they demonstrate a real growth of the D phase.  This potential D polymorphism might be 

of interest for future study. 

 In order to assess the relative stability of DL-I and II at high temperatures, a 

sample of bulk DL-proline was heated to 200ºC (located below the eutectic melting 

temperature) and held for various periods of time.  Figure 3.16 shows SSNMR and DSC 

analyses performed on this sample as it was held at 200ºC for increasing amounts of time 

(t).  The initial bulk DL-proline sample (t0) was composed predominantly of DL-I, but a 
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small amount of DL-II existed, as noted by the small peak at 176.3 ppm in the 13C CP-

MAS NMR spectrum (Figure 3.16a, t0).  The DSC thermogram of this same sample 

(Figure 3.16b, t0) contained two endotherms, with peak temperatures at ~214 and 217ºC.  

At this point, it was not clear which endotherm corresponded to DL-I and which to DL-II.  

Upon exposing this sample to 200ºC for 5 min (t5), SSNMR showed a large increase in 

the DL-II peak, and there was a relative increase in the intensity of the DSC endotherm at 

217ºC.  Further exposure of this DL-proline sample to 200ºC for an additional 30 min 

(t35), and then another 60 min (t95), resulted in additional increases in the DL-II SSNMR 

peak and the 217ºC DSC melting peak.  These complementary SSNMR and DSC results 

demonstrate that: 1) DL-II is the thermodynamically favorable form at 200ºC, since 

SSNMR showed a transformation from DL-I to DL-II at this temperature, and 2) the 

DSC-observed melting at 214ºC corresponds to the melting of DL-I, whereas the 217ºC 

peak, which increased in intensity during the course of the 200ºC hold, corresponds to 

DL-II.  Because DL-II is more stable than DL-I at room temperature and at 200ºC, it can 

be stated that DL-II is more stable than DL-I over this entire temperature range.  In other 

words, DL-I and DL-II are monotropically related, and DL-II is thermodynamically more 

stable over the temperature range of ~25–200ºC,. 

 As noted previously in Figure 3.2b, degradation of proline occurs upon melting.  

Degradation was also observed during the thermal treatment experiments shown in 

Figure 3.16.  After heating the bulk DL-proline at 200ºC for 5 min, a slight discoloration 

of the sample (from white to off-white) was observed, and it progressively browned as 

thermal treatment continued.  The presence of thermal degradants in the sample was also 
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Figure 3.16.  Bulk DL-proline heated at 200ºC for increasing amounts of time (t0 = 
untreated sample). a) 13C CP-MAS NMR spectra collected at 20ºC and b) corresponding 
DSC analysis (10ºC/min ramp) for each time point.  SSNMR peaks for C-1, C-3, and C-4 
are shown. 
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observed in DSC by progressive lowering of the endotherm peak temperatures (Figure 

3.16) and by decreases in the SSNMR 1H T1 relaxation values (Table 3.5). 

 Because DL-II is the more stable form, the eutectic melt observed in the binary 

melting phase diagram in Figure 3.2a likely corresponds to DL-I.  The additional peaks 

observed at ~211ºC for the melting of samples of 4 and 6% L-proline likely correspond to 

the eutectic melt associated with DL-II. 

 

3.3.8 Kinetic stability of DL-I 

 The fact that the bulk DL-proline material was composed primarily of DL-I with 

just a trace amount of DL-II (Figure 3.16a, t0) indicates that the DL-I crystals in this 

product were kinetically stable.  Similarly, no transformations of DL-I to DL-II were 

observed among samples prepared from solution.  This contrasts with the spontaneous 

polymorphic conversions that were observed among lyophilized samples (Figure 3.15).  

The previously described (§ 3.3.4) differences in crystal lattice disorder/mobility among 

samples are the most likely explanation for the decreased physical stability of DL-I in the 

lyophilized samples.  The samples crystallized from solution possessed relatively long 

relaxation times compared to relaxation within the lyophilized samples (Table 3.4), 

suggesting more mobility/disorder within the crystal lattices of lyophilized samples.  The 

presence of such disorder translates into a lower energy barrier for polymorphic 

transformations,29,30 therein decreasing the kinetic stability of the metastable DL-I.  Thus, 

the differences in the kinetic stability of DL-I among solution-crystallized and 

lyophilized samples is likely due to a lack of disorder within the solution-crystallized 

samples. 
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Table 3.5.  1H T1 relaxation values (s) for DL-proline heated at 200ºCa 

 
Total time (min) at 200ºC DL-II DL-I 
0 63 (5) 75 (2) 
5 43 (3) 68 (1) 
35 -- -- 
95 35.4 (0.4) 61 (1) 

 

aCalculated using carbonyl peak area.  Values in parentheses indicate error of fit. 
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3.4 Discussion 

 In characterizing the effect of enantiomeric composition on the crystallization of 

proline, an unreported polymorphic form of the racemic cocrystal was observed.  This 

form possessed a higher melting point than the previously reported form (herein termed 

DL-proline form I), and it also was more stable at room temperature than DL-I, as 

observed through a spontaneous polymorphic transformation from DL-I to DL-II.  These 

observations demonstrated that DL-II is thermodynamically more stable than DL-I above 

room temperature. 

 It is not surprising that DL-I is observed as the initial product upon crystallization 

of DL-proline from solution.  Ostwald’s Rule of Stages31 states that a metastable form 

(kinetic product) is often observed prior to formation of the most stable form 

(thermodynamic product) upon crystallization.  Additionally, new polymorphic forms are 

frequently identified, so the discovery of DL-II is not altogether surprising.  However, 

what is interesting about this observed polymorphism is the method by which it was 

produced. 

 As demonstrated by Figures 3.5b and 3.14, the crystallization method, as well as 

the enantiomeric ratio, had a very large effect on the crystallization products that were 

observed.  Upon crystallization from solution, a typical preparation method, only forms D 

and DL-I were produced.  In contrast, crystallization by lyophilization produced samples 

that included D, DL-I, and the more thermodynamically stable DL-II.  Of additional 

interest in the lyophilized samples were the observed trends between the DL-I/DL-II 

polymorphic ratio and the total amount of L-proline present, where no DL-II is produced 

at the 50% L-proline level.  These observations lead to two main questions: 1) Why is 
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DL-II formed by the lyophilization method but not by crystallization from solution; and 

2) why is DL-I the only form present at the 50% L-proline concentration, regardless of 

preparation method? 

 The answer to both of these questions likely can be answered by looking at the 

differences in crystallization kinetics associated with crystallizing from solution versus 

lyophilization.  On–off movement in solution allows for formation of pairs of D and L 

molecules to be produced, which then all come together to form the crystal lattice as the 

kinetic product, in accordance with Ostwald’s Rule of Stages.31  On the other hand, in the 

lyophilization method, the molecules are “frozen” in the ice lattice.  As the water 

molecules are removed by sublimation, the proline molecules, now in the solid state, are 

left behind.  Molecular mobility is greatly restricted in a solid as compared to in solution, 

resulting in a large reduction in the translational motion associated with pairing of D and 

L molecules. 

 At the 50% L-proline level, assuming that D and L molecules are homogeneously 

distributed throughout the solution prior to freezing, the probability of finding a D and an 

L molecule neighboring each other is quite high.  This means that forming the hetero-

enantiomeric pair (and others around it) to create the racemic cocrystal requires little 

translational motion.  In contrast, at lower concentrations of L-proline (e.g., 25% L-

proline), the translational movement necessary to form a DL crystal lattice becomes 

much greater. 

 At the 25% L-proline level, a homogeneous distribution of D and L molecules 

means that every L molecule is likely very close to a D molecule.  As a result, upon 

solidification, the formation of DL pairs does not require much translational motion.  
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That said, these DL pairs are physically separated from each other by the presence of the 

excess D molecules, and translational motion is necessary for DL pairs to pack together 

to form the crystal lattice.  Growth of the crystal lattice is therefore inhibited.  By slowing 

down the crystallization process, it is possible to form the thermodynamically stable 

crystal form (DL-II), not just the kinetically favorable form (DL-I). 

 The ability for an impurity to inhibit crystal growth of one form, allowing for 

growth of a different form, has been reported previously for solution-based 

crystallizations.5,32  In these cases, the impurity molecule preferentially adsorbs to the 

surface of a specific type of crystal, therein preventing further growth, while still 

allowing growth of a different crystalline phase.  The studies reported in this chapter are 

distinguished from these previous studies in that, in this case, selective production of the 

thermodynamically stable phase is produced by inhibiting the translation of molecules in 

the solid state, not the solution state. 

 The restricted motion of proline molecules in the lyophilized materials is 

supported by additional lyophilization experiments that are reported in Chapter 5.  In 

these cases, many metastable crystalline forms were observed, and the samples were 

highly disordered, but not amorphous.  The presence of so many forms indicates many 

different molecular conformations and packing arrangements.  However, as soon as solid-

state mobility is introduced to the system, either through the presence of water33 or by 

increasing the temperature, these various crystal forms quickly convert into previously 

observed proline crystal forms.  Traditionally, lyophilization has been considered a 

solution-based preparation method.  However, these results suggest that this broad 
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categorization should be reconsidered, since this terminology suggests the presence of 

molecular mobility that does not exist in the solid state.  

 Cryogrinding the enantiomers together (Chapter 6) in order to produce molecular 

dispersions of proline enantiomers was also performed in order to probe the manner in 

which crystallization of the enantiomers occurs in the complete absence of water 

molecules. 

 These results are highly relevant to polymorphic screening assays.  By controlling 

the crystallization kinetics in the solid state, the formation of a unique crystal form might 

occur. Additionally, due to increased chemical stability in the solid state arising from 

decreased molecular mobility, such crystallization mechanisms may be favorable for 

systems with solution-state–chemical-stability issues. 

  

3.5 Conclusion 

 A new polymorphic form of the racemic cocrystal of proline is reported here.  The 

energy relationship between this new form (DL-form II) and the previously observed 

form (DL-form I) was determined to be monotropic, where DL-form II is the 

thermodynamically stable form above room temperature. 

 DL-form II was observed upon crystallization of D- and L-proline by 

lyophilization when the enantiomeric excess was greater than zero.  This observed 

behavior is hypothesized to occur due to inhibition of the solid-state crystallization 

process by the excess enantiomer.  When crystallized from solution, or at ratios nearing 

1:1 of D- to L-proline, the major product was the kinetically favored product, DL-form I. 
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 Solid-state NMR spectroscopy was highly suited for investigating this chiral 

system in the solid state.  Different crystal forms, including chiral defects, gave rise to 

different peaks in SSNMR spectra.  Isotopic labeling, combined with spectral subtraction 

at low levels of L-proline, allowed for identification and relative quantitation of the 

various forms under a wide range of enantiomeric ratios.  Future studies will include 

further analysis of the formation of chiral defects, as well as the solid-state crystallization 

process for proline enantiomers. 
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Chapter 4 

Detection of L-Proline Chiral Defects in the D-Proline Homochiral Lattice 

Using Solid-State NMR Spectroscopy 
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4.1 Introduction 

 The previous chapter investigated the influence of enantiomeric ratio and 

crystallization method on the crystal forms of proline.  During those studies, a peak in the 

solid-state NMR spectrum was attributed to the presence of chiral defects.  This chapter 

focuses on the additional studies that were performed in order to identify and characterize 

the presence of L-proline chiral defects within the D-proline crystal lattice. 

 

4.1.1 Previous investigations of chiral impurities 

 The incorporation of impurity molecules (often referred to as “guest” molecules) 

into a host crystal lattice has been researched extensively by Grant and coworkers.1-4  

Earlier studies by Go et al. investigated the incorporation of oleic acid impurities into 

adipic acid crystals.1  It was acknowledged that there are two possible environments for 

the oleic acid upon crystallization from solution with adipic acid: 1) incorporation as a 

guest into the adipic acid (host) crystals, and 2) adsorption to the exterior of the adipic 

acid crystals.  In order to distinguish between these two possible environments, a 

continuous-flow–dissolution HPLC method measured the concentration of oleic acid in 

solution as the adipic acid particles were progressively dissolved.  The results showed a 

high initial concentration of oleic acid (attributed to adsorbed material), followed by a 

decrease and eventual plateau in oleic acid concentration (attributed to oleic acid within 

the host crystals).  The concentration of oleic acid within the adipic acid crystals was then 
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used to interpret changes in physicochemical properties (heat of fusion, dissolution rate, 

etc.) of the adipic acid crystals. 

 Further studies of the inclusion of molecular impurities upon crystallization from 

solution included chiral systems.  Duddu et al. characterized the incorporation of (+)-

ephedrinium 2-naphthalenesulfonate [(+)-EN] into its opposite enantiomer [(–)-EN],2 as 

well as the incorporation of (–)-pseudoephedrinium salicylate into its (+)-enantiomer.3  Li 

et al. continued studying the ephedrinium 2-naphthalenesulfonate system by investigating 

the effects of excess (+)-EN or (–)-EN enantiomer on the crystallization of the racemic 

(±)-EN.4  In all cases, the concentration of guest molecules (chiral defects) within the 

host crystals was measured by an HPLC method adapted from the original studies by Go 

et al.1  As mentioned previously, the original studies by Go et al. assumed that the oleic 

acid impurity molecules were either incorporated into the adipic acid crystal lattice as 

guests/defects or adsorbed on the surface of the adipic acid crystals.  However, a third 

option exists: The impurity might form additional, distinct crystalline phases.  For 

enantiomers, there are three types of crystal forms that must be considered, as previously 

shown in Figure 3.1 and outlined below. 

 A chiral impurity can crystallize in the presence of its antipode to form a) its own 

enantiopure crystal lattice, b) a racemic crystal (denoted as a cocrystal) by pairing with 

the antipode to form the crystal lattice, and/or c) a solid solution where the impurity 

exists as a guest (chiral defect) within the homochiral lattice of the antipode (Figure 3.1).5  

Technically, a true solid-solution phase is a thermodynamic product, whereas a chiral 

defect is an enantiomer that has been kinetically trapped within its antipode.  Published 

work from the lab of Grant did not discriminate between thermodynamic and kinetic 
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products when applying the term chiral defects.  We continue its prior usage herein, 

where “chiral defect” refers simply to an enantiomer that is present in the crystal lattice 

of its antipode. 

 In the studies of chiral systems by the Grant lab, changes in melting point, heat of 

fusion, entropy of fusion, and intrinsic dissolution were attributed solely to the presence 

of chiral defects measured by the HPLC method.  However, Li acknowledged that excess 

chiral impurity on the surface may form a separate phase and may considerably influence 

the thermodynamic properties of the crystals depending on both the nature and location 

of the separate phase.4 

 

4.1.2 Selective detection of chiral impurities 

 Detection of all solid forms (e.g., cocrystals, chiral defects, polymorphic forms, 

etc.) is essential to understanding the physicochemical properties of a system, as each 

form will contribute to the overall observed properties.6,7 Although the aforementioned 

studies reported that low levels of chiral impurity can alter the dissolution/stability of a 

pharmaceutical product, it was not possible to fully characterize the crystallographic 

location and local environment of chiral impurities themselves.2-4,8  Thus, it is unclear 

whether these observed changes in physicochemical properties are due solely to the 

presence of chiral defects or also to the presence of some other crystal form within the 

material.9 

 Solid-state NMR spectroscopy (SSNMR) was chosen to study the chiral 

impurities in crystals because it can selectively identify the enantiomer in the crystalline 

lattice.  13C-labeling of the L-enantiomer differentiated it from the D-enantiomer, and 
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SSNMR was used to determine the location of the 13C label.  13C is only 1.1% naturally 

abundant, so a 100% 13C-labeled enantiomer possesses ~90 times greater signal than its 

corresponding natural-abundance enantiomer.  This means that signal from a 1% 13C-

labeled chiral impurity will have signal roughly equivalent to that of 99% of the opposite 

enantiomer.  This technique was previously used to selectively observe the location of 

chiral defects in polymers.10,11  In general, SSNMR is particularly useful for the 

identification of different crystalline forms.12 

 

4.1.3 Crystallization of D- and L-proline enantiomers 

 The kinetics associated with a particular crystallization method influence the 

incorporation of impurity molecules.13  In order to study the effect of crystallization 

method on the incorporation of L-proline chiral impurities into the D-proline crystal 

lattice, proline samples were crystallized from aqueous solution, and by spray drying, 

lyophilization, and cryogrinding.  The resulting samples were characterized by 13C 

SSNMR, PXRD, and thermal analysis. 

   

4.2 Experimental 

4.2.1 Materials 

 L- and DL-proline were purchased from Alfa Aesar (Ward Hill, MA), D-proline 

was purchased from Sigma-Aldrich (St. Louis, MO), and L-proline containing an isotopic 

label on the carbonyl carbon (denoted L-[1-13C]proline) was purchased from Cambridge 

Isotope Laboratories, Inc. (Andover, MA).  All were used as received.  DL-proline 

monohydrate was prepared by slow evaporation of a 98% ethanol solution at room 
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temperature.  Thermogravimetric analysis  (Q50 TGA, TA Instruments) and Karl Fischer 

titrimetry (DL36 KF Coulometer, Mettler Toledo) were used to confirm the formation of 

the monohydrate. 

 

4.2.2 Sample preparation 

 Lyophilization.  Solutions of various (2–15%) L-proline to D-proline ratios were 

prepared by creating w/w mixtures of the two enantiopure compounds, followed by 

dissolving these mixtures in double-distilled water at a concentration of 0.6% w/v.  In 

order to perform spectral subtractions (vide infra), each L-/D-proline ratio was prepared 

twice: One solution contained natural-abundance L-proline, and the other contained L-[1-

13C]proline.  The solutions were then lyophilized in 10-mL aliquots (within 20-mL 

scintillation vials) using a bench top freeze dryer (VirTis AdVantage; VirTis; Gardiner, 

NY).  The lyophilization cycle was 32 hr (-35, -5, 5, 15, and 25°C; for 2, 8, 6, 6, and 10 

hr respectively) with an initial 2-hr freezing step (-35ºC) and a vacuum set point of 90 

mTorr.  The vacuum was released by purging the sample chamber with ambient air.  Due 

to their hygroscopic nature, all samples were stored in a desiccator over anhydrous 

calcium sulfate until analyses were performed. 

 Crystallization from aqueous solution.  Solutions of proline enantiomers were 

prepared as described above.  Each solution was transferred to a 400-mL beaker, covered 

with a KimWipe, and heated at 75ºC in a dry bath until the water had evaporated.  The 

solid material was periodically agitated with a spatula to facilitate complete drying. 

 Spray drying.  Aqueous solutions of 7.5% w/v proline were spray-dried using a 

Büchi 190 mini spray dryer (BÜCHI Labortechnik AG, Switzerland) with an inlet 
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temperature of 180°C, an outlet temperature of 100°C, a pump speed of approximately 5 

mL/min, a spray flow of 600 L/hr, and the maximum aspirator setting. 

 Cryogrinding.  Mixtures of bulk L- and D-proline were weighed directly into a 

polycarbonate cryovial containing a stainless-steel impactor bar.  Each mixture was then 

ground in a Freezer/Mill (SPEX 6750; SPEX Certi-Prep; Metuchen, NJ) for a total of 30 

min, performed in 15 cycles (2 min of grinding followed by a 2-min rest interval), 

preceded by 5 min of pre-cooling.  All sample handling before and after grinding was 

performed within a dry nitrogen glove box. 

 Thermal and elevated-RH treatment.  Vials of freshly lyophilized 6% L-[1-

13C]proline were split into two groups and analyzed by SSNMR following exposure to 

various conditions: 

 1) a) The freshly lyophilized material was immediately packed into a   

   zirconia rotor for SSNMR analysis. 

  b)  After SSNMR analysis of the initial material, spectra were    

   acquired as the sample was progressively heated in the instrument   

   to a maximum of 180ºC 

 2)  a) The remaining “virgin” material (stored over desiccant during   

   steps 1a–b) was placed in a 45% RH, 30ºC stability chamber for 2   

   hr, then quickly packed into a zirconia rotor under ambient    

   conditions and analyzed by SSNMR. 

  b) The sample was unpacked from the rotor into a scintillation vial   

   and placed in a 60% RH, 30ºC stability chamber for 1 hr, after   

   which SSNMR analysis was performed again. 
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  c) The rotor was removed from the magnet but not unpacked.    

   The “closed” end cap was replaced with an end cap containing a   

   pinhole to allow water vapor to escape.  The rotor was put back   

   into the magnet and heated to 30ºC to partially dehydrate the   

   sample, after which a spectrum was acquired. 

 

4.2.3 Solid-state NMR spectroscopy 

 All 13C spectra were acquired on a Chemagnetics CMX-300 spectrometer 

(Varian, Inc.; Palo Alto, CA), operating at 75 MHz for 13C.  All CP-MAS acquisitions 

included cross polarization (CP),14,15 magic-angle spinning (MAS)16 at a rate of 4 kHz 

(±3 Hz), two-pulse phase modulation (TPPM) or SPINAL64 decoupling17 at a field 

strength of ~62–72 kHz, and total sideband suppression (TOSS)18. A contact time of 2 ms 

was used for all samples.  Spectra used for spectral subtractions were acquired using 

pulse delays of at least five times the 1H relaxation time (obtained by a 1H T1 saturation–

recovery sequence) of each corresponding sample.  Peak areas were calculated using 

Chemagnetics Spinsight™ software, and 1H T1 and T1ρ values were calculated using 

KaleidaGraph (Synergy, version 4.01).  3-methylglutaric acid (MGA) was used to 

optimize the spectrometer settings as well as to set the reference frequency.19  All 

samples were packed into zirconia rotors with Teflon® or ribbed Kel-F® end caps.  

Ambient-temperature (~20ºC) experiments were performed using a 7-mm double-

resonance MAS probe (Revolution NMR, Inc.; Fort Collins, CO), and variable-

temperature experiments were performed with a 7.5-mm double-resonance MAS probe 
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(Varian; Palo Alto, CA), with 3.5-µs and 4.0-µs 1H pulse durations, respectively.  Lead 

nitrate was used for temperature calibration.20  During variable-temperature experiments, 

samples were equilibrated at each temperature for at least 15 min prior to tuning and data 

acquisition.  

 

4.2.4 Differential scanning calorimetry 

 Differential scanning calorimetry (Q100 DSC; TA Instruments; New Castle, DE) 

was performed on samples of 3–8 mg that were packed into standard aluminum pans 

under ambient conditions and lightly crimped.  Data was collected from room 

temperature to ~240ºC, with a temperature ramp of 10ºC/min and a 50-mL/min dry 

nitrogen purge.  Samples were analyzed in triplicate. 

 

4.2.5 Thermogravimetric analysis 

 Water content of samples was determined by thermogravimetric analysis (Q50 

TGA, TA Instruments; New Castle, DE).  Samples of 10–20 mg were heated from room 

temperature to >300ºC at a rate of 10ºC/min under a 40-mL/min dry nitrogen purge. 

 

4.2.6 Powder X-ray diffraction 

 Diffraction patterns were acquired with a Scintag X2 Diffraction System (XGEN-

4000; Scintag, Inc.) using CuKα radiation (45 kV, 35 mA), an angular range of 8–35º 2θ, 

a step size of 0.02º, and a dwell time of 4 sec.  Each sample (~300 mg) was packed into a 

stainless-steel die.  All analyses were performed at ambient conditions. 
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4.3 Results 

4.3.1 Observing impurities in proline 

 In the previous chapter, the effect of various amounts of L-proline chiral impurity 

on the crystallization of D-proline was investigated.  During those studies, a peak in the 

solid-state NMR spectrum was identified as the presence of L-proline chiral defects in the 

D-proline crystal lattice (Table 4.1).  The spectral-subtraction method that allowed for the 

observation of these L-proline defects is reiterated here. 

 Figure 4.1 illustrates the spectral-subtraction method used in this study.10,11  At 

each concentration of L-proline, two samples were prepared: one containing L-[1-

13C]proline (Figure 4.1a) and the other containing natural-abundance (NA) L-proline 

(Figure 4.1b).  The spectrum of the NA sample was subtracted from that of the 13C-

labeled sample, and the resulting spectral subtraction (Figure 4.1c) shows only the 

carbonyl peaks that arise from the 13C-labeled L-proline chiral impurity.  By performing 

spectral subtractions and comparing the remaining carbonyl peaks to known forms (Table 

4.1), it was possible to selectively determine the crystal environments in which L-proline 

chiral impurities were incorporated.  The subtraction in Figure 4.1 corresponds to 

lyophilized samples of 12% L-proline with 88% D-proline.  In this subtraction, there are 

four carbonyl peaks.  The peaks located at 177.2, 176.3, and 175.3 ppm correspond to the 

carbonyl carbon of racemic cocrystals DL-MH, DL-II, and DL-I.  A fourth peak at 174.7 

ppm that does not correspond to any known form of proline was assigned to L-proline 

molecules incorporated as substitutional chiral defects (L-CD) in the D-proline host 

crystal matrix.  Evidence for the assignment of the 174.7-ppm SSNMR peak to L-CD is 

demonstrated throughout the remainder of this chapter. 
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Table 4.1.  13C CP-MAS NMR chemical shifts (ppm) of proline crystal forms 
 
  Carbonyl peak Aliphatic peaks 

Crystal form Abbrev. C1 C2 C5 C3 C4 
Enantiopurea L-/D- 175.3b 61.9 46.5 33.0 25.4 
Racemic cocrystal form I DL-I 175.3b 60.6 45.9 31.0 24.2 
Racemic cocrystal form II DL-II 176.3 60.6 47.6 31.9 26.7 
Racemic cocrystal monohydrate DL-MH 177.2 60.1 48.5 30.8 26.2 
L-chiral defectc L-CD 174.7 NA NA NA NA 

 

aEnantiopure D- and L-proline have the same 13C peak positions. 
bEnantiopure and DL-I spectra overlap at the carbonyl peak, but peak differences are 
observed for the aliphatic peaks. 
cDue to the low concentrations of defect sites present in samples, 13C labeling at these 
carbons would be necessary to determine their chemical shifts in the 13C spectrum. 
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Figure 4.1.  Spectral-subtraction method for lyophilized 12% L-proline in D-proline. a) 
13C CP-MAS NMR spectrum of 12% L-[1-13C]proline and 88% D-proline; b) 13C CP-
MAS NMR spectrum of 12% L-proline and 88% D-proline; and c) difference spectrum 
that selectively shows peaks of only the 13C-labeled L-proline (chiral impurity). 
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4.3.2 Choice of crystallization method 

 The effects of crystallization kinetics on the incorporation of chiral defects were 

studied by analyzing samples of 6% L-proline that were prepared using four 

crystallization methods.  In order to detect the presence of chiral defects within the 

samples, the previously described (§ 4.3.1) spectral-subtraction method was applied. 

 Figure 4.2 shows the 13C CP-MAS NMR spectral subtractions of 6% L-proline 

samples crystallized from aqueous solution, by lyophilization, and by spray drying.  As a 

result of the subtraction, the observed carbonyl peaks correspond to only the L-proline 

impurity molecules in the sample.  For comparison, the non-subtracted spectrum of a 6% 

L-[1-13C]proline cryoground sample also is included.  In the case of the solution-

crystallized sample, L-proline was incorporated primarily into the racemic cocrystal DL-

I, and also formed small amounts of DL-II and DL-MH.  On the other hand, crystallizing 

by lyophilization and spray-drying methods caused L-proline to be incorporated to a 

greater extent as DL-II, as well as L-CD (peak at 174.7 ppm).  Cryogrinding resulted in 

very broad peaks, indicative of disorder in the system, but the spectrum did not contain 

the L-CD peak at 174.7 ppm.  The fact that L-CD incorporation was not observed when 

solutions of proline enantiomers were crystallized gradually from aqueous solution (dry 

bath, 75ºC), but were observed upon kinetically-hindered/rapid crystallization processes 

(lyophilization and spray-drying), supports the assignment of the 174.7-ppm peak to the 

presence of substitutional chiral defects.  It also indicates that these chiral defects exist as 

kinetically trapped molecules, not as part of a true solid solution, which occur when 

thermodynamics dictate miscibility of the components and would have been observed in 
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Figure 4.2.  13C CP-MAS NMR spectral subtractions for 6% L-proline prepared from 
aqueous solution, by lyophilization, and by spray drying; and the non-subtracted 
spectrum of cryoground 6% L-proline. 
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the solution-crystallized sample as well.  Additionally, the absence of the 174.7-ppm 

peak in the spectrum of the cryoground material suggests that the L-CD exists as part of a 

structured crystalline phase, not as a component within a disordered/amorphous phase.  In 

order to further study L-proline chiral defects, additional samples were crystallized by 

lyophilization. 

 

4.3.3 Effect of enantiomeric ratio  

 Figure 4.3 shows an overlay of 13C CP-MAS NMR spectral subtractions of 

lyophilized samples containing 2–15% L-proline.  Again, because these are spectral 

subtractions, the peaks arise only from only the carbonyl carbon of the L-proline 

molecules.  These spectra were previously shown in Figure 3.13, in which all spectra 

were normalized to the same maximum intensity.  Here, Figure 4.3 highlights relative 

changes between samples by overlaying the spectra.  At the 2% L-proline level (Figure 

4.3), predominantly DL-MH, some DL-I, and L-CD are observed.  Higher levels of L-

proline resulted in large increases in DL-II, moderate increases in DL-I and L-CD, and a 

decrease in DL-MH. At 15% L-proline, DL-II dominates the spectrum, but peaks for DL-

MH, DL-I, and L-CD are still visible.  Because NMR is an inherently quantitative 

technique,21 it was possible to calculate the amount of L-CD present in each solid sample. 

 Figure 4.4 is a plot of the amount of chiral defects in each sample as determined 

from 13C CP-MAS NMR spectra in Figure 4.3.  Deconvoluted carbonyl peak areas from 

subtracted spectra were used to calculate the relative amounts of each crystal form.  Strict 

quantitation methods were not used, but all samples were acquired with a pulse delay 

greater than five times the longest 1H T1 to avoid saturation effects.21  Because the total 
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Figure 4.3.  13C CP-MAS NMR spectral subtractions for increasing amounts of L-proline 
in D-proline prepared by lyophilization. 
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Figure 4.4.  A plot of the concentration of chiral defects as a function of the total amount 
of L-proline. A maximum of ~1.4% L-proline in D-proline is observed. (n=2 for all 
values except the 12% L-proline level, where n=1. Error bars represent the range.) 
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amount of crystalline D-proline decreased as the L-proline concentration increased due to 

the formation of racemic compound, the “concentration” of L-CD present in the D-

proline host crystals was calculated using the equation: 

  

! 

[L"CD] =
L-CDpeak area % #  total %  L- proline

D - prolinepeak area %

=
L-CDpeak area % #  total %  L- proline

[1" (racemicpeak area % #  total %  L- proline)]
 

The concentration of L-CD increased almost linearly with the total level of L-proline 

until approximately 10% L-proline, above which higher L-proline levels produced no 

further increase in the concentration of defect sites.  This plateau, or “saturation,” of L-

CD, indicates the maximum concentration of L-proline that can be incorporated into the 

D-proline crystal lattice when crystallized using this lyophilization method.  This 

saturation also seems to support assigning the 174.7-ppm peak to the presence of chiral 

defects, as a similar effect was observed in previous studies.1-4   

 Interestingly, the L-CD peak is fairly narrow at all concentrations, which indicates 

that the L-CD molecules are all in the same electronic environment and not disordered or 

in an amorphous-like phase.22   This single, sharp peak also supports that the L-CD is 

homogeneously distributed; if some L-proline molecules were closer to each other than 

others, the inhomogeneous distribution would produce broader or multiple peaks due to 

differences in electronic environments.  However, another possibility is that this peak 

corresponds to a completely different crystal form, in which case it likely exists as its 

own distinct phase. 
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4.3.4 Relaxation-time determination of the L-CD peak 

 In order to determine if the 174.7-ppm peak corresponded to a completely 

different crystal form, and not a chiral defect, proton spin–lattice (1H T1) relaxation 

measurements were performed.  The manner in which molecules are arranged and packed 

into the crystal lattice affects the rate at which relaxation occurs.  Thus, different crystal 

forms typically possess different relaxation values: If two peaks within the CP-MAS 

NMR spectrum possess different 1H T1 values, the peaks represent two different, phase-

separated forms, and a shared 1H T1 value often indicates an intimate mixture.23,24 

 Table 4.2 contains the spin–lattice 1H T1 relaxation times corresponding to the 

lyophilized 13C-labeled samples from Figures 4.1 and 4.3.  The average relaxation times 

for each crystal phase across all L-proline concentrations are also shown.  Due to 

overlapping peaks at 175.3 ppm for D and DL-I, the D-proline relaxation was determined 

from peaks in the aliphatic region of the spectra.  The relaxation times of DL-MH, DL-II, 

and D/DL-I components are significantly different from one another, indicating phase 

separation.  On the other hand, 1H T1 values for the D and L-CD peaks are the same 

within error.  The similarity of the relaxation times provides evidence for an intimate 

mixture, as expected for a true chiral defect,23,24 where the L-molecules are surrounded 

by the homochiral D lattice.  Surprisingly, there was no correlation between relaxation 

time and the concentration of L-proline impurity.  Thus, it appears that the presence of L-

CD did not increase or decrease lattice mobility as measured by 1H T1 values. 

 Mixing-intimacy within the samples was further probed by measuring 1H T1ρ 

relaxation values.  Whereas 1H T1 values (s) are indicative of mobility at the MHz 
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Table 4.2.  1H T1 relaxation times (s) of 2–15% L-[1-13C]proline samplesa 

 

Preparation 
method 

Percent 
L-[1-13C] 
proline 

177.2 
ppm 

(DL-MH) 

176.3 
ppm 

(DL-II) 

175.3 
ppm 

(D/DL-I)b 

174.7 
ppm 

(L-CD) 

D aliph, 
Avg. 

(st. dev.)b 
       

Lyophilized 2 8.6 (0.5) -- 29.9 (0.7) 30 (1) 30.6 (0.4) 
 4 11.0 (0.8) 21 (1) 31 (1) 34 (2) 38.4 (0.3) 
 6 11 (1) 21.4 (0.9) 28 (1) 37 (1) 38.1 (0.3) 
 8 12.7 (0.7) 22.8 (0.5) 27.4 (0.8) 36.3 (0.6) 35.6 (0.3) 
 10 10 (1) 20.5 (0.5) 24 (1) 33 (1) 32.6 (0.3) 
 12 10 (1) 20.5 (0.5) 26.1 (0.9) 36.4 (0.8) 34.4 (0.2) 
 15 9.9 (0.5) 19.6 (0.4) 22.2 (0.6) 29.5 (0.3) 27.8 (0.4) 

 Average 
(st. dev.) 10 (1) 21 (1) 27 (3) 34 (3) 34 (4) 

       
Solution 6 -- 21.2 (0.9) 62 (2) -- 87 (2) 

       
Spray-dried 6 -- 13.1 (0.5) 16.4 (0.6) 20.1 (0.5) 20.48 (0.08) 

       
Cryogroundc 6 -- 37 (1) 46 (1) 49.2 (0.5) 48.2 (0.3) 
 
aValues in parentheses indicate error of fit. 
bEnantiopure and DL-I spectra overlap at the carbonyl peak, thus this value represents an 
average of the T1 for both forms.  The T1 values of the D-proline aliphatic peaks 
selectively represent the relaxation of the D-proline phase. 
cCorresponds to the bottom spectrum in Figure 4.8. 
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frequency, 1H T1ρ values (ms) represent mobility in the kHz frequency range and are 

much more indicative of local mobility.25  Measured 1H T1ρ relaxation values are reported 

in Table 4.3.  As with the T1 measurements, T1ρ values for the enantiopure and L-CD 

peaks are very similar, which supports the assignment of the 174.7-ppm peak to L-proline 

molecules (L-CD) trapped within the D-proline crystal lattice. 

 In addition to SSNMR analysis, samples were characterized by DSC and PXRD, 

as both of these methods are frequently used to analyze chiral molecules in the solid state. 

 

4.3.5 Analysis of lyophilized samples by orthogonal techniques 

 Figure 4.5 is an overlay of differential scanning calorimetry (DSC) thermograms 

corresponding to lyophilized proline samples that were reclaimed following SSNMR 

analysis.  The loss of water from the DL-MH phase was observed as an endothermic peak 

at ~70ºC (data not shown).  No additional thermal event was observed until melting at 

temperatures greater than 200ºC.  The overlay includes the thermogram of lyophilized 

enantiopure D-proline, which has a peak melting temperature at ~227ºC.  Thermal 

degradation occurred immediately following melting, preventing calculation of heats of 

fusion for the various crystalline forms of proline.  The overlay in Figure 4.5 shows the 

decrease in melting point of D-proline as the concentration of L-proline increased, along 

with the appearance and growth of an endotherm at ~208ºC, corresponding to the racemic 

cocrystal eutectic melt.  These trends are consistent with the formation of a racemic 

cocrystal upon melting a binary mixture of enantiomers.5  This correlates well with the 

SSNMR spectra (Figure 4.3), which show that increasing levels of L-proline 
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Table 4.3.  1H T1ρ relaxation times (ms) of 2–15% L-[1-13C]proline samplesa 

 
Preparation 

method 

Percent 
L-[1-13C] 
proline 

177.2 
ppm 

(DL-MH) 

176.3 
ppm 

(DL-II) 

175.6 
ppm 

(DL-III)c 

175.3 
ppm 

(D/DL-I)b 

174.7 
ppm 

(L-CD) 

D aliph, 
Avg. 

(st. dev.)b 
        

Lyophilized 2 14.6 (0.9) -- 12.4 (0.7) 24 (2) 45 (5) 37 (2) 
 4 -- 53 (3) 38 (4) 54 (3) 61 (7) 64 (1) 
 6 16.1 (0.4) 59 (2) -- 63 (3) 73 (2) 68 (1) 
 8 -- 43 (2) -- 43 (3) 49 (2) 52 (1) 
 10d -- -- -- -- -- -- 
 12 8.0 (0.2) 24 (1)  26 (1) 30 (1) 29.1 (0.9) 
 15 9.9 (0.3) 30 (2) -- 37.0 (0.7) 41 (2) 39.1 (0.8) 
        

Cryoground 6 10.7 (0.4) 30 (2) -- 33 (2) 38 (2) 36.2 (0.7) 
 
aValues in parentheses indicate error of fit. 
bEnantiopure and DL-I spectra overlap at the carbonyl peak, thus this value represents an 
average of the T1ρ for both forms.  The T1ρ values of the D-proline aliphatic peaks 
selectively represent the relaxation of the D-proline phase. 
cSome sample changes were observed during long-term storage, including dehydration of 
DL-MH, resulting in the formation of DL-III (refer to § 5.3.5). 
dDue to exposure to high relative humidity during long-term storage, this sample became 
completely hydrated, which led to complete disappearance of 175.6-, 175.3-, and 174.7-
ppm peaks. 
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Figure 4.5.  Overlay of DSC thermograms for lyophilized samples of enantiopure D-
proline and 1, 2, 4, 6, 8, 10, and 15% L-proline. 
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produce correspondingly increased amounts of racemic cocrystals.  However, due to 

overlapping thermal events in these DSC thermograms, it is not possible to observe the 

presence of both DL-I (mp ~213ºC) and DL-II (mp ~216ºC) forms in the samples.  The 

observed eutectic melt is likely associated with DL-I, and a higher melting eutectic would 

be observed if only DL-II were present. 

 Powder X-ray diffraction (PXRD) patterns for the lyophilized samples (Figure 

4.6) also supported the formation of racemic compound with increasing levels of L-

proline.  However, the diffraction patterns did not indicate the presence of L-CD.  This 

was not unexpected, as distinguishing between enantiopure crystals and solid-solutions 

by PXRD is typically not possible.26,27  Thus, SSNMR was the only method that was able 

to selectively detect the presence of L-CD.   

 In order to further explore the possibility that the 174.7-ppm peak corresponded to 

the presence of a thermal degradant or polymorph/hydrate, a sample that contained the 

174.7-ppm peak in its 13C CP-MAS NMR spectrum was exposed to elevated temperature 

and relative-humidity (RH) conditions. 

 

4.3.6 Stability of chiral defects 

 Figure 4.7 shows 13C CP-MAS NMR spectra of a 6% L-[1-13C]proline sample 

prepared by lyophilization.  The spectra in this figure are not subtracted spectra, so the 

carbonyl region contains signals from both the 13C-labeled L-proline and the natural-

abundance D-proline.  The aliphatic peaks show the correct relative amount of each 

crystal form because the aliphatic carbons are natural abundance in both D- and L-proline 

molecules.  In contrast, the carbonyl signal is due predominantly to the isotopic 13C label  
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Figure 4.6.  Overlay of PXRD patterns for lyophilized samples of D-proline (D) and 2–
15% L-proline, along with the reference pattern of DL-proline form II (DL-II). 
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Figure 4.7.  Carbonyl and aliphatic regions of 13C CP-MAS NMR spectra of lyophilized 
6% L-[1-13C]proline in D-proline a) immediately after lyophilization; b) upon exposure 
of (a) to elevated temperature (max: 180ºC, 45 min); and c)–e) progressive exposure of 
(a) to 45% RH, 30ºC, 2 hr; then 60% RH, 30ºC, 1 hr; and lastly ambient RH, 30ºC, 3 hr. 
The carbonyl region is vertically expanded to better observe changes in the L-CD peak 
(174.7 ppm), which decreases upon hydration of D to D-MH (d). 
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of the L-proline impurity, and the enhanced signal due to this label must be taken into 

account when calculating the relative amounts of each form. 

 In the freshly prepared sample (Figure 4.7a) the 174.7-ppm peak is present, along 

with racemic compounds DL-I, II, and MH.  This sample was separated into two groups, 

and each was exposed to different conditions: 

1)  Elevated temperature (Figure 4.7b) via variable-temperature SSNMR.  

This was done in order to assess the thermal stability of the 174.7-ppm 

peak, as well as to determine if this peak corresponded to the presence of a 

thermal degradant of proline. 

2) Increased relative humidity (Figures 4.7c–e) to explore the effect of 

sample hydration on the presence of the 174.7-ppm peak. 

 The spectrum in Figure 4.7b corresponds to a sample treated to a stepwise 

increase in temperature, up to a maximum of 180ºC for 45 min.  Spectra were acquired 

during the course of this thermal treatment (not shown), during which DL-MH and DL-I 

transformed completely to DL-II, as observed by the decrease in the 177.2- and 175.3-

ppm peaks and the disappearance of the DL-I aliphatic peaks at 31.0 and 24.2 ppm.  

However, the 174.7-ppm peak decreased only slightly from ~4.3% to 3.2% of the total 

area in the carbonyl region.  More extensive heating of the sample resulted in 

degradation, as observed by a broad peak at 166.5 ppm in the SSNMR spectrum (not 

shown), as well as visible browning of the sample.  The relative thermal stability of the 

174.7-ppm peak suggests that it does not represent an unstable polymorphic phase.  The 

lack of growth also indicates that it cannot be attributed to a thermal degradant. 
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 Analyses of the sample upon exposure to elevated RH are shown in Figure 4.7c–

e.  Differences in water vapor sorption rates among crystal forms permitted selective 

hydration of the racemic versus enantiopure phases.  Exposure of the sample to 45% RH, 

30ºC, for 2 hr (Figure 4.7c) resulted in complete conversion of the racemic cocrystal 

forms DL-I and II to the monohydrate form, DL-MH, while only a small amount of the 

D-proline converted to D-MH, as evidenced by changes in both carbonyl and aliphatic 

peaks in Figure 4.7c relative to the initial sample (Figure 4.7a).  Deconvolution of the 

peak areas in the carbonyl region showed that the 174.7-ppm peak remained relatively 

unchanged.  This supports the conclusion that the 174.7-ppm peak does not correspond to 

an environment within either DL-I or II, as it would be expected to change/disappear if it 

were associated with these racemic cocrystal phases.  Upon exposing the sample to 60% 

RH, 30ºC (Figure 4.7d), the D-proline began to hydrate to D-MH, and a significant 

decrease in the 174.7-ppm peak was observed. This supports the hypothesis that the 

174.7-ppm peak corresponds to L-proline molecules trapped within the D-proline matrix, 

as a change in this peak would be expected as the D-proline goes through a form 

conversion.  The sample was partially dried to convert D-MH back to the anhydrous D 

form while maintaining hydration of the racemic forms (Figure 4.7e).  Although the 

anhydrous D-proline peak increased, the 174.7-ppm peak did not return to the pre-

hydrated level but remained at the same level as was observed in Figure 4.7d.  This data 

suggests that increased mobility during the hydration of the D-proline host lattice allows 

L-CD molecules to be essentially pushed out.  It is important to note that the 174.7-ppm 

peak is present within Figure 4.7d, although at a lower level than in the initial sample.  
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This means that “seeds” of this environment existed and could have facilitated growth of 

this peak during dehydration if it corresponded to a distinct polymorphic form. 

 

4.3.7 Formation of chiral defects via grinding 

 All of the aforementioned preparation methods involved crystallizing mixtures of 

the two proline enantiomers from aqueous solution.  Theoretically, though, it should be 

possible to produce chiral defects in the absence of water by grinding the enantiomers 

together to form a molecular dispersion.  In order to further investigate the potential role 

of water in the formation of the 174.7-ppm L-CD peak, a sample of 6% L-proline was 

prepared by cryogrinding. 

 Figure 4.8 shows variable-temperature 13C CP-MAS NMR spectra of a 

cryoground physical mixture of 6% L-[1-13C]proline and 94% D-proline.  As in Figure 

4.7, these are not subtracted spectra, so the aliphatic peaks are indicative of the true 

relative amounts of each form, and the carbonyl signal is “biased” toward the L-[1-

13C]proline impurity.  Immediately following cryogrinding (Figure 4.8, 20ºC, top 

spectrum), the carbonyl region contained a broad, amorphous-like peak that overlapped a 

crystalline peak located at the chemical shift of enantiopure proline (175.3 ppm), which 

suggested the presence of both amorphous and residual crystalline material.  

Progressively raising the temperature resulted in the growth of two additional crystalline 

peaks at 174.7 ppm (L-CD) and 176.3 ppm (DL-II).  At even higher temperatures, the 

DL-II peak continued to grow, eventually resulting in a spectrum very similar to that of a 

lyophilized sample (Figure 4.3).  These crystallization events likely mirror a proline 

enantiomer eutectic phase diagram, where the dominant D-enantiomer initially 
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Figure 4.8.  Variable-temperature 13C CP-MAS NMR spectra of cryoground 6% L-[1-
13C]proline in D-proline collected at 10ºC intervals (representative spectra shown). 
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crystallizes to form the enantiopure lattice, therein “concentrating” the L-proline impurity 

until the system reaches its eutectic, which crystallizes to form DL-II (176.3-ppm peak).  

Due to restricted mobility within the solid state, not all of the L-proline molecules are 

excluded from the D-proline crystal lattice, resulting in the formation of chiral defects 

(174.7-ppm peak), followed by crystallization of the remaining L-proline impurity into 

the racemic cocrystal. 

 

4.3.8 Variable-temperature SSNMR 

 In an effort to further characterize the L-CD peak, variable-temperature SSNMR 

was performed.  It is well established that crystals contract and expand upon 

cooling/heating.28  The magnitude and direction of these contractions/expansions depend 

on the molecular packing and conformation within the crystal lattice, and this can be 

observed in the CP-MAS NMR spectrum.  While one crystal form may exhibit a 

downfield peak shift upon increasing temperature, another crystal form may exhibit the 

opposite shift.  Thus, varying the temperature in SSNMR can be used to improve 

resolution between peaks, as well as to identify different phases: Two different crystal 

forms may have a peak at the same location, but they may differ in their temperature-

dependent peak shifts.  Investigations of proline polymorphism showed linear 

correlations between temperature and peak position for all known crystalline forms, and 

the slopes of the correlations were different for each form (§ 6.3.1). 

 The plot in Figure 4.9 illustrates the temperature dependence of peak shifts for the 

L-CD peak of lyophilized and cryoground samples.  While peaks corresponding to D-

proline (and all other known crystal forms) undergo peak shifts linearly as the 
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Figure 4.9.  A plot of the 13C CP-MAS NMR peak position of the L-CD peak as a 
function of temperature.  The plot is a compilation of data corresponding to three 
different samples: lyophilized 6 and 10% L-proline, and cryoground 6% L-proline. 
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temperature increases, the L-CD peak initially shifts to lower ppm values, reaches a 

minimum at ~80ºC, then begins to shift to higher ppm values.  Although this strange 

temperature dependence does not necessarily support the assignment of this peak to a 

chiral defect, it demonstrates a distinct crystallographic environment that differs 

substantially from other crystalline forms of proline. 

 

4.4 Discussion 

4.4.1 Identification of chiral defects 

 Identifying and characterizing chiral defects is extremely difficult due to their low 

concentrations and multiple crystalline forms that potentially mask the defects 

themselves.2,3  Currently, there is no single experiment that can be performed in order to 

prove that the 174.7-ppm peak observed in 13C CP-MAS NMR spectra corresponds to L-

proline chiral defects in the D-proline crystal lattice.  However, support for this 

assignment includes: 

 Crystallization kinetics.  Faster crystallization resulted in higher levels of this 

peak, whereas it was not observed when crystallization occurred slowly (Figure 4.2).13 

 Concentration.  This crystalline environment was present at such a low level that 

it was only observed when L-proline was isotopically labeled.  Additionally, as the 

overall amount of impurity increased, the level of this environment reached a plateau, 

indicating “saturation” (Figure 4.4).1-4 

 Relaxation measurements.  Both 1H T1 and T1ρ measurements for D-proline and 

the 174.7-ppm peak are the same, regardless of L-proline concentration or the 

crystallization method, indicating that the forms are possibly intimately mixed, not phase 
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separated.23,24  Although it is possible for two different phases to coincidentally have the 

same relaxation values, all other observed proline crystal forms have relaxation values 

that differ from each other. 

 Thermal stability.  No significant change in the level of this peak occurred as the 

temperature was increased to the point of observable thermal decomposition.  However, 

polymorphic transformation of DL-I to DL-II was observed (Figure 4.7a–b).  This 

suggests that the 174.7-ppm peak does not correspond to a metastable polymorphic form. 

 Stability against hydration.  The 174.7-ppm peak did not appreciably decrease 

until hydration of the D-proline phase began, which occurred after the racemic cocrystal 

phases had transformed to the monohydrate form (Figure 4.7a, c–e).  This is consistent 

with L-proline defects in the D-proline lattice, since such defects should not be affected 

until the surrounding D-proline host lattice undergoes hydration-related changes. 

 Formed in absence of water/solvent.  The 174.7-ppm peak was observed in 

samples prepared by cryogrinding the enantiomers (under dry nitrogen gas) to the point 

of forming amorphous material, followed by crystallization (Figure 4.8).  The ability to 

create this environment in the absence of water/solvent suggests that this peak does not 

correspond to the presence of a hydrate or molecules interacting with trapped pockets of 

water.  Although these results indicate that the 174.7-ppm peak does not correspond to a 

hydrate, there are no water content measurements to support this.  Water content 

measurements were performed by TGA.  If the hydrate corresponded to a thermally 

stable form, in which dehydration  did not occur until melting or degradation, weight loss 

due to waters of hydration would be obscured by weight loss from the 

sublimation/degradation of proline. 
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 Disappearance but no growth.  In all samples, growth of the 174.7-ppm peak was 

never observed, despite exposure to a wide range of temperatures (-40–160ºC) and 

various relative-humidity environments.  However, reduction in the peak was observed 

upon exposure to high relative humidity.  These results indicate that the peak does not 

correspond to a degradation product or a more thermodynamically favorable polymorph. 

 

4.4.2 Local environment of chiral defects 

 It is interesting that the L-CD peak is a distinct, narrow crystalline peak.  One 

might expect more disorder around a defect site due to the presence of multiple molecular 

conformations or the presence of void space within the crystal lattice.  Such disorder is 

typified as producing a broader, amorphous-like SSNMR peak.  Observing this single 

crystalline peak indicates that L-proline defects exist in one specific conformation within 

the D-proline lattice.  This conformation, and its relationship to the conformation of D-

proline molecules within the same lattice, likely mirror the packing of the enantiomers in 

a racemic cocrystal.  Structural elucidation of the defect site was attempted using the 

SSNMR FIREMAT experiment.29-31  Unfortunately, the relatively low level of the L-CD 

peak and the proximity of much larger peaks proved to be too limiting.  Interestingly, 

another very small peak is observed in the spray-dried sample (Figure 4.2).  This 

additional peak at ~173.7 ppm may correspond to the presence of neighboring L-proline 

defects in the D-proline crystal lattice.  The L-CD peak is very large in this sample, likely 

a result of the very rapid crystallization process.  With such a large amount of chiral 

defects in the sample, it seems logical that some of the defects will be located near each 

other in the crystal lattice.   
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4.4.3 Effect of chiral defects on pharmaceutically relevant properties 

 The proline system demonstrates the potential complexity associated with the 

analysis of a solid chiral product.  The possibility of multiple phases, including 

cocrystals, hydrates, polymorphs, and defects, makes identification and characterization 

of each individual component very difficult.  This is particularly true for chiral defects, 

which could not be produced without forming additional phases, and the properties of 

which could easily be masked by or improperly attributed to the presence of these other 

components. 

 In these studies, several attempts were made to simplify the system in order to 

facilitate selective analysis of chiral defects.  Ideally, it would be possible to physically 

separate the chiral-defect–containing crystals from all other phases for further analysis, 

such as water vapor sorption measurements32 or dissolution testing.  Selective hydration 

of the racemic compounds (Figure 4.7) proved helpful for improving resolution in 

SSNMR spectra, and selective sublimation33 of the racemic form was attempted, but 

unsuccessful due to negligible differences between lyophilized DL- and D-proline 

sublimation rates.  Thus, it was not possible to selectively determine the effect of L-

proline chiral defects on the physicochemical properties of D-proline.  The selection of 

future compounds for the study of chiral defects might include large differences in 

sublimation/dissolution rate or density34 between cocrystal and enantiopure forms.  This 

would provide the possibility for physically separating the chiral-defect–containing phase 

without destroying the solid-state information that gives rise to the pharmaceutically 

relevant physicochemical properties of interest.   
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4.5 Conclusions 

 In this chapter, we provided evidence for the identification and quantitation of the 

crystallographic locations of small amounts of one enantiomer (L) in the presence of 

predominantly the opposite (D) enantiomer upon concurrent.  Results show that L-proline 

was incorporated in up to four different crystalline forms, which potentially included 

kinetically trapped substitutional chiral defects within the D-proline crystal lattice.  The 

amount of this L-proline chiral defect was quantitated in lyophilized samples and found 

to exist up to a 1.4% level in the D-proline host crystal upon concurrent lyophilization of 

both enantiomers.  This is the first solid-state observation and quantitation of chiral 

defects incorporated into a three-dimensional crystal lattice of an enantiopure system.35,36 

 Solid-state NMR spectroscopy (SSNMR) was highly suited for investigating this 

chiral system in the solid state.  Different crystal forms, including chiral defects, gave rise 

to different peaks in SSNMR spectra.  Isotopic labeling, combined with spectral 

subtraction, allowed for identification and relative quantitation of the various forms, and 

relaxation measurements were able to confirm phase separation. 
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Chapter 5 

Production and Stabilization of Frustrated Chiral Crystals: 

Lyophilizing Enantiomers of Proline and Maintaining Dry Conditions 
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5.1 Introduction 

 In this chapter, we report further characterization of the solid-state crystallization 

of proline enantiomers by lyophilization.  Specifically, the purpose of these additional 

studies is to elucidate the mechanism of DL-proline form I versus form II crystallization, 

which was previously shown to depend upon both the crystallization method and the ratio 

of L- and D-proline in the system. 

 

5.1.1 Lyophilization of proline enantiomers   

 Chapter 3 showed that lyophilization of solutions that contained non-racemic 

ratios of proline enantiomers resulted in the formation of a more thermodynamically 

stable form of the racemic cocrystal, DL-proline form II (DL-II).  This was only observed 

upon crystallization by lyophilization; crystallization from solution only produced the 

metastable form, DL-proline form I (DL-I).  The hypothesized explanation for these 

observations is that crystallization of the racemic cocrystal in the solid-state 

lyophilization process is slowed by the presence of enantiomeric excess, which acts as a 

physical barrier between DL-proline pairs during the crystallization process.  This slowed 

the crystallization and allowed formation of the thermodynamic product (DL-II) instead 

of the kinetic product (DL-I).   

 If this hypothesis were true, then we should be able to observe the “frustrated” 

state, in which the racemic cocrystal DL-pairs and D-proline molecules cannot 
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completely separate from one another in order to form their own thermodynamically 

stable crystal lattices.  However, no such amorphous or disordered state was observed.  

The purpose of the work in this chapter was to determine whether or not an 

amorphous/disordered state existed in the lyophilized proline samples. 

 

5.1.2 Role of water in sample mobility and crystallization 

 The process of lyophilization often results in the formation of amorphous 

materials.  However, among lyophilized proline samples, no amorphous phase was 

observed.  The absence of an amorphous phase may have resulted from crystallization of 

the samples prior to analysis. 

 It has been well established that the presence of water can assist the crystallization 

of amorphous/disordered materials due to plasticization or increased lattice mobility.1,2  

Among previous lyophilized proline samples, DL-proline monohydrate (DL-MH) was 

often observed (Figure 3.7), demonstrating the presence and involvement of water.  This 

water could have facilitated crystallization of an amorphous proline phase and produced 

the observed DL-MH form in the process.  Therefore, it is possible that the lyophilization 

of proline produced amorphous material that was not observed during analysis because 

water-assisted crystallization had already taken place.  

 The previous method for lyophilizing samples (outlined in Chapter 3) included 

purging the vacuum of the lyophilizer chamber with ambient air following completion of 

the recipe.  The samples were then removed from the lyophilizer and packed into 

SSNMR and PXRD sample holders at ambient laboratory conditions.  Exposure of these 

samples to ambient conditions could have allowed the samples to sorb water vapor, 



  170 

therein facilitating crystallization of various forms, including the observed DL-MH 

phase. 

 Rapid water vapor sorption is feasible for these lyophilized proline samples.  

Previous water vapor sorption analysis (Figure 3.8) shows formation of DL-MH at a 

relatively low RH (<35% RH, 25ºC), indicating that DL-proline is innately hygroscopic.  

Additionally, Zografi and coworkers have shown that disordered and amorphous 

crystalline materials have an increased tendency to sorb water vapor.3  Lyophilized 

proline samples possessed crystal-lattice disorder, observed as increased peak width in 

PXRD analyses (Figure 3.11), perhaps resulting in an even greater tendency to absorb 

water vapor. 

 In order to prevent the possible sorption of water vapor following the 

lyophilization process, and potentially observe an amorphous proline phase, samples of 

25–50% L-proline were prepared as before, but the vacuum was purged with nitrogen gas 

instead of ambient air.  Additionally, the samples were promptly moved to a dry nitrogen 

glove box, where they were packed into sample holders for SSNMR, PXRD, and DSC 

analysis.  By preventing water-assisted crystallization of lyophilized proline, we hoped to 

gain further insight into the solid-state crystallization process of proline enantiomers by 

lyophilization and the role that water vapor might play. 

 

5.2 Experimental 

5.2.1 Bulk materials 

L- and DL-proline were purchased from Alfa Aesar (Ward Hill, MA), D-proline was 

purchased from Sigma-Aldrich (St. Louis, MO), and uniformly 13C labeled L-proline was 
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purchased from Cambridge Isotope Laboratories, Inc. (Andover, MA).  All amino acids 

were used as received. 

 

5.2.2 Sample preparation 

N2-Lyophilization.  Solutions of various L-proline to D-proline ratios were prepared as 

above, at final concentrations of 0.6% w/v.  The solutions were then lyophilized in 10-

mL aliquots (within 20-mL scintillation vials) using a bench top freeze dryer (VirTis 

AdVantage; VirTis; Gardiner, NY).  The lyophilization cycle was 32 hr (-35, -5, 5, 15, 

and 25°C; for 2, 8, 6, 6, and 10 hr, respectively) with an initial 2-hr freezing step (-35ºC) 

and a vacuum set point of 90 mTorr.  Upon completion of the lyophilization recipe, the 

vacuum was released by purging the sample chamber with compressed nitrogen gas.  

Following the lyophilization cycle, samples were immediately transferred to a dry 

nitrogen glove box for all subsequent storage, preparation, and packing of sample 

holders/DSC pans. 

 

5.2.3 Solid-state NMR spectroscopy 

All 13C spectra were acquired on a Chemagnetics CMX-300 spectrometer (Varian, Inc.), 

operating at 75 MHz for 13C.  All acquisitions included cross polarization (CP),4,5 magic-

angle spinning (MAS)6 at a rate of 4 kHz (±3 Hz), two-pulse phase modulation (TPPM) 

or SPINAL64 decoupling7 at a field strength of ~62–72 kHz, and total sideband 

suppression (TOSS).8  A contact time of 2 ms was used for all samples.  1H T1
 relaxation 

measurements were performed using a saturation–recovery pulse sequence, and T1 values 

were calculated using KaleidaGraph (version 4.01, Synergy) with the equation y = 
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amp(1-exp(-τ/T1), where y is the integrated signal intensity, amp is the amplitude 

constant, τ is saturation–recovery time, and T1 is the spin–lattice relaxation time.  3-

methylglutaric acid (MGA) was used to optimize the spectrometer settings as well as to 

set the reference frequency.9  All samples were packed into zirconia rotors with Teflon® 

or ribbed Kel-F® end caps.  Ambient-temperature (~20ºC) experiments were performed 

using a 7-mm double-resonance MAS probe (Revolution NMR, Inc.; Fort Collins, CO), 

and variable-temperature experiments were performed with a 7.5-mm double-resonance 

MAS probe (Varian; Palo Alto, CA), with 3.5-µs and 4.0-µs 1H pulse durations, 

respectively.  Lead nitrate was used for temperature calibration.10  During variable-

temperature experiments, samples were equilibrated at each temperature for at least 15 

minutes prior to tuning and data acquisition.  The two-dimensional experiment consisted 

of exchange via spin diffusion and a mixing time of 1 s in order to observe longer-range 

couplings.  The initial t1 time was 1 µs, and 750 points were collected in each dimension 

with a sweep width of 15 kHz.  Processing included 10 Hz of exponential line broadening 

in both dimensions. 

 

5.2.4 Powder X-ray diffraction 

Diffraction patterns were acquired with a Scintag XDS 2000 (Scintag, Inc.; CuKα 

radiation, 45 kV × 40 mA) with an angular range of 8–40º 2θ, a step size of 0.02º, and a 

dwell time of 4 sec.  Each sample (~100 mg) was quickly packed at ambient conditions 

into a stainless-steel die.  To maintain low relative humidity during analysis, the sample 

environment was purged with dry air using a previously described assembly.11 
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5.2.5 Differential scanning calorimetry 

Differential scanning calorimetry (Q100 DSC; TA Instruments; New Castle, DE) was 

performed on samples of 3–8 mg that were packed into standard aluminum pans and 

lightly crimped.  Data was collected from room temperature to ~240ºC, with a 

temperature ramp of 10ºC/min and a 50-mL/min dry nitrogen purge.  All samples were 

analyzed in triplicate. 

 

5.2.6 Thermogravimetric analysis 

Sample water content was determined by thermogravimetric analysis (Q50 TGA, TA 

Instruments; New Castle, DE).  Samples of 10–20 mg were heated from room 

temperature to >300ºC at a rate of 10ºC/min under a 40-mL/min dry nitrogen purge. 

 

5.3 Results 

5.3.1 “Dry” lyophilization of various enantiomeric ratios of proline 

 As described in the introduction, previous preparations of lyophilized proline 

contained DL-MH, indicating the presence of water within the samples.  This water may 

have been sorbed by the sample after the lyophilization process, during subsequent 

preparation and sample packing for analysis by SSNMR and PXRD.  In order to avoid 

the potential for such water vapor sorption, proline samples containing a range of 

enantiomeric ratios were lyophilized in the same manner as previously reported; 

however, these samples were not exposed to ambient conditions following lyophilization 

and were kept in a glove box under dry nitrogen gas until analysis by SSNMR and 

PXRD. 
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 Figure 5.1 shows 13C CP-MAS NMR spectra for samples of 25–50% L-proline 

prepared by lyophilization and subsequently kept under dry conditions by purging the 

lyophilizer with nitrogen gas and performing all additional sample preparation/packing 

within a dry nitrogen glove box.  In the 25% L-proline spectrum, the number of peaks 

and the peak locations are quite different from previous samples (Figure 3.7).  Although 

the peaks in this 25% L-proline sample spectrum appear to be broad, they did not 

correspond to amorphous proline peaks (Figure 6.8).  The apparent breadth in the peaks is 

likely due to the presence of several overlapping peaks.  Interestingly, the carbonyl 

region contains only two main peaks while there are many (unresolved) peaks for C-3 

and C-4.  This suggests that the presence of such a large number of crystal forms is 

largely due to differences in the conformation and packing of the proline ring, while the 

bonding of the carboxylic acid group is similar among all forms.  Whereas it was 

previously possible to deconvolute peaks based on the peak positions of known crystal 

forms, in these spectra, there are multiple unknown crystal forms that overlap to such an 

extent as to prohibit reliable deconvolution.  In the 25% L-proline sample, qualitative 

assessment indicates peaks corresponding to D (33.0 ppm) and DL-I (31.0 ppm).  Note 

that there is a peak located at 32.0 ppm, which typically is characteristic of DL-II; 

however, DL-II also gives rise to a peak at 26.7 ppm, which is absent in this spectrum.  

Thus, DL-II is not present in this sample.  Peaks for C-2 and C-5 are not shown because 

these peaks are extremely broad and unresolved due to dipolar coupling with the directly 

bonded quadrupolar nitrogen. 

 From a quantitative aspect, Figure 5.1 shows very little signal from enantiopure 

D-proline (33.0 ppm), regardless of the overall level of L-proline in the sample.  
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Figure 5.1.  13C CP-MAS NMR spectra of 25–50% L-proline samples prepared by N2-
lyophilization.  C-1, C3, and C-4 peaks are shown. 
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Theoretically, at the 25% L-proline level, 50% of the total solid sample should exist in an 

enantiopure crystal form: the 25% L-proline will pair with 25% D-proline to produce DL-

proline, and the excess 50% D-proline will remain.  Yet in the spectrum for 25% L-

proline in Figure 5.1, the D-proline peak at 33.0 ppm constitutes <10% of the total signal 

for C-3, suggesting that very little D-proline exists in this sample.  In all previous sample 

preparations (crystallizing from solution and by lyophilization, Chapter 3), the relative 

peak area of the 33.0-ppm peak was consistent with the theoretical amount of the 

enantiopure D-proline material.  The lack of signal at 33.0 ppm among the spectra of N2-

lyophilized samples suggests that D-proline molecules possess conformations and/or are 

located within packing environments that differ substantially from those that exist within 

the known crystal form of enantiopure proline. 

 As the concentration of L-proline increased (Figure 5.1), fewer overlapping peaks 

were observed, but resolution among these peaks did not improve.  Again, the presence 

of the D-proline peak at 33.0 ppm was noticeably absent from the spectra at 40 and 45% 

L-proline.  At the 45 and 50% L-proline level, a distinct peak at 25.3 ppm was observed.  

This peak is attributed to another racemic cocrystal form of DL-proline, denoted DL-

proline form III (DL-III), and will be discussed later in this chapter.  Additionally, the 

presence of another unknown form was observed as a shoulder on the DL-I peak at 24.2 

ppm.  DL-proline monohydrate (characteristic peak at 177.2 ppm) was not detected in 

any of these samples. 

 Figures 5.2 and 5.3 show PXRD patterns corresponding to the same samples 

analyzed by SSNMR in Figure 5.1.  The overlay of diffraction patterns in Figure 5.2 was 

plotted with an expanded y-axis scale in order to look for an amorphous halo.  For all N2-
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Figure 5.2.  PXRD patterns of bulk D-proline and 25–50% L-proline samples prepared 
by N2-lyophilization.  The tops of diffraction peaks are truncated due to y-axis expansion. 
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Figure 5.3.  PXRD patterns of 25–50% L-proline samples prepared by N2-lyophilization. 
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lyophilized samples, there is a broad hump centered at ~22º 2θ, which could correspond 

to an amorphous halo.  However, the diffraction pattern of bulk D-proline (bottom 

pattern, gray) also contains a similar hump at the same location.  Due to the fact that 

PXRD is sensitive to loss of long-range order in the crystal lattice, the hump observed in 

all of these samples is likely a result of lattice disorder and not the presence of an 

amorphous phase.12 

 In Figure 5.3, the diffraction patterns from Figure 5.2 are expanded along the x-

axis in order to better observe individual peaks.  Compared to diffraction patterns of 

samples prepared from solution (Figure 3.6), the diffraction patterns of N2-lyophilized 

proline samples contain broad peaks, which further indicate the presence of lattice 

disorder in these samples.  Samples of 45 and 50% L-proline have diffraction patterns 

with relatively sharp DL-I peaks at ~9.5 and 19.2º 2θ, but most other peaks are broad, 

unresolved, and of low intensity.  Unlike in the previously lyophilized (ambient purge) 

samples (Figure 3.11), the usually intense peak at 18º 2θ that corresponds to D-proline 

was missing or of greatly reduced intensity, consistent with the low levels of D-proline 

observed in SSNMR spectra.  As with SSNMR, PXRD did not indicate the presence of 

DL-MH (characteristic peak at ~8.7º 2θ). 

 Both SSNMR and PXRD results suggest the absence of an amorphous phase in 

any of the N2-lyophilized proline samples.  However, the multiplicity of peaks within the 

SSNMR spectra indicates the presence of multiple molecular conformations/packing 

environments within these samples.  It is not clear if each peak corresponds to a distinct, 

phase-separated crystal form, or if they represent a single phase with crystallographic-

inequivalence–like disorder.  The broad, unresolved peaks in the PXRD patterns could be 
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consistent with either situation.  Typically, 1H T1 measurements could be used to 

differentiate between these two possibilities, since differences in T1 values indicate the 

presence of multiple phases.  However, due to the large degree of overlap among peaks in 

the SSNMR spectra, it was not possible to accurately and specifically determine the 

relaxation values for each SSNMR peak.  In order to determine whether the multiple 

peaks in the SSNMR spectra correspond to different crystal forms or to a discrete set of 

molecular conformations that coexist within a single, disordered phase, a 2D-exchange 

SSNMR experiment was performed.   

 

5.3.2 Identifying peaks with 2D-exchange SSNMR 

 In a 13C CP-MAS NMR spectrum, the presence of multiple peaks for a particular 

carbon can indicate the presence of multiple, phase-separated crystal forms, or the 

presence of crystallographic inequivalence.  In a complex spectrum that contains 

unknown components, such as the N2-lyophilized proline samples, determining which 

peaks correspond to distinct (phase-separated) crystal forms versus crystallographic 

inequivalence may not be possible if there are many overlapping peaks.  However, the 

use of 2D-exchange NMR experiments can provide insight into the intra- and 

intermolecular connectivity for a molecule within a crystal lattice.  This information can 

be helpful in assigning individual peaks to their respective nuclei in the molecule, or in 

identifying the number of crystallographically inequivalent sites in the unit cell, as 

demonstrated by Zell et al. in the characterization of crystallographic inequivalence 

among polymorphs of aspartame.13 
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 For the proline 2D-exchange NMR experiment, a special, isotopically labeled 

sample of 25% L-proline was prepared by the N2-lyophilization method.  The purpose of 

a 13C 2D-exchange NMR experiment is to observe the connectivity among carbon nuclei, 

which provides important information for identifying peaks in the spectrum (e.g., the C-3 

peak at 33.4 ppm corresponds to the same crystal form as the C-2 peak at 23.4 ppm.)  In 

order to observe these interactions, which are observed through transfer of magnetization 

between neighboring nuclei,14 it is necessary for the molecules to possess neighboring 

13C nuclei.  Due to the low natural abundance of 13C nuclei (1.1%), the probability of 

finding neighboring 13C nuclei is very low.  Thus, isotopic labeling is necessary for a 2D-

exchange experiment.  L-proline was purchased uniformly labeled, meaning that all 

carbon nuclei in the material were 13C (versus the more abundant 12C) nuclei.  This type 

of label is denoted [U-13C] for Uniformly 13C labeled.  Of the 25% L-proline present 

within the N2-lyophilized sample, 10% was L-[U-13C]proline, and the other 90% was 

natural-abundance L-proline.  Thus, the L-[U-13C]proline composed 2.5% of the total 

sample.  This “dilution” of the U-13C material with natural-abundance proline was 

necessary to avoid excessive 13C–13C dipolar coupling, which would lead to extremely 

broad peaks within the SSNMR spectrum. 

 One of the important parameters of a 2D-exchange NMR experiment is the 

mixing time.  This is the amount of time that nuclei are allowed to “talk” to each other, 

and it is directly related to the distance between nuclei, where longer mixing times allow 

for longer-range interactions (couplings).  This experiment was performed with a mixing 

time of 1 s.  This was chosen in order to observe couplings of several carbon bond 

lengths. 
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 Figure 5.4 shows the two-dimensional exchange spectrum (contour plot) for the 

N2-lyophilized 25% L-proline sample that contained 2.5% L-[U-13C]proline, diluted in a 

matrix of unlabeled 22.5% L-proline and 75% D-proline.  The aliphatic region is 

expanded in this figure in order to better observe cross peaks, which indicate the presence 

of coupling between the 13C nuclei.  The one-dimensional spectrum of the sample is 

shown directly above the 2D contour plot, and a spectrum of a fully unlabeled 25% L-

proline sample prepared by the same method is shown at the very top.  Upon comparing 

the one-dimensional spectra at the top of the figure, line broadening due to the 13C–13C 

dipolar coupling in the labeled sample is readily apparent.  This line broadening, along 

with the fact that the 13C spectrum already suffered from poor resolution due to the 

presence of multiple overlapping peaks, led to the presence of unresolved cross peaks in 

the 2D spectrum.  Thus, although cross peaks were observed, it was not possible to make 

any peak assignments.  Higher spin speeds and decoupling power13 would be necessary to 

achieve better resolution of the peaks in the spectrum. 

 

5.3.3 Thermal analysis 

 Figures 5.5 and 5.6 contain DSC thermograms for samples of 25–50% L-proline 

prepared by the N2-lyophilization method.  Figure 5.5 shows the temperature range of 

60–210ºC, and the y-axis is expanded to observe very small thermal events.  There were 

no thermal events <70ºC that are characteristic for dehydration of DL-MH or loss of 

sorbed water.  A small exotherm at ~96ºC was observed in all thermograms.  This is 

attributed to a chemical impurity within the DSC cell, as it was also observed in 

thermograms of ibuprofen samples analyzed immediately prior to these proline samples.
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Figure 5.4.  Two-dimensional–exchange contour plot of N2-lyophilized 25% L-proline 
(2.5% L-[U-13C]proline) acquired with a mixing time of 1 s.  The 13C CP-MAS NMR 
spectra shown at the top of the 2D plot correspond to samples of N2-lyophilized 25% L-
proline that were U-13C labeled (black, used for the 2D-exchange experiment) and 
unlabeled (gray). 
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Figure 5.5.  DSC thermograms of N2-lyophilized proline samples containing 25–50% L-
proline.  Asterisk and dashed line indicate impurity in the DSC thermal cell. 
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Figure 5.6.  DSC thermograms of N2-lyophilized proline samples containing 25–50% L-
proline.  All thermograms are on the same y-scale. 
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In 25–40% L-proline samples, there was a broad exotherm (centered at ~150ºC) with an 

onset temperature of ~110ºC.  This peak was not observed in the thermograms of 45 and 

50% L-proline samples.  Exothermic transitions in a polymorphic system can often 

indicate a transformation between crystal forms that are monotropically related,15 but 

such transformations typically exhibit narrower peaks within a DSC thermogram.  

Exothermic events also are associated with the crystallization of amorphous materials, 

but SSNMR and PXRD indicated the absence of such a phase.  Another possible 

explanation for the broad exothermic peaks is the recrystallization of crystal defects.16  

Although it is not possible to identify the exact nature (monotropic polymorphic 

transformation or “healing” of defects within the crystal lattice) of the exothermic event 

at ~150ºC, its presence appears to coincide with the broad overlapping SSNMR peaks 

(Figure 5.1). 

 Figure 5.6 shows the DSC thermograms from 195–225ºC.  The scale of the y-axis 

is the same for all thermograms.  Multiple, overlapping melting endotherms were 

observed for the samples, followed by degradation at ~220ºC.  Although it is not possible 

to identify these endotherms, they likely correspond to melting of various crystalline 

forms of D- and DL-proline and their corresponding eutectics.  Interestingly, the same 

peaks were present in DSC thermograms of samples prepared under ambient conditions, 

even though the SSNMR demonstrated significant differences in these samples at room 

temperature.  This suggests that the overlapping peaks in the SSNMR spectra of N2-

lyophilized samples correspond to forms that transform prior to melting. 

 In order to understand the thermally induced transformations of the overlapping 

peaks observed in the SSNMR spectra of N2-lyophilized samples, as well as observe the 



  187 

effect of water vapor on recrystallization, samples were exposed to either elevated 

temperature or water vapor.  The purpose of exposing these samples to various conditions 

was two-fold: 1) to simplify the system by selectively transforming some of the 

overlapping peaks, therein providing greater resolution of the remaining peaks and 2) to 

determine whether the overlapping peaks would transform differently upon introducing 

either water-induced or elevated-temperature–induced molecular mobility. 

 

5.3.4 Increasing mobility of the sample via temperature and water 

 Transformations of the N2-lyophilized proline samples were probed by exposing 

several of these samples to elevated temperatures or ambient conditions.  Figure 5.7 

demonstrates the thermal stability of a 35% L-proline sample prepared by the N2-

lyophilization method.  Figure 5.7a shows the 13C CP-MAS NMR spectrum of the freshly 

prepared sample, and Figure 5.7b shows the spectrum of the sample after dry-N2 storage 

for 8 months.  Some changes were observed during the dry storage, including a small 

amount of D crystallization (peak at 33.0 ppm).  However, the multiplicity of peaks 

remained.  Immediately after collecting the spectrum in Figure 5.7b, the sample was 

heated in the spectrometer at 60ºC for 3 hr, cooled and equilibrated at 20ºC, and analyzed 

again (Figure 5.7c).  This thermal treatment did not result in any significant spectral 

changes.  The sample was then heated at 100ºC for 2 hr, equilibrated at 20ºC, and then 

analyzed again (Figure 5.7d).  Broad peaks corresponding to D, DL-II, and DL-I were 

observed, but there still appeared to be other overlapping peaks present.  The sample was 

again heated to 100ºC, held for 3 additional hr, and cooled to 20ºC for analysis (Figure 

5.7e).  At this point, the spectrum contained peaks corresponding to D, DL-II, 
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Figure 5.7.  13C CP-MAS NMR spectra of N2-lyophilized 35% L-proline collected at 
20ºC a) immediately after lyophilization; b) after 8 months of storage under dry nitrogen, 
room temperature; c) heated at 60ºC, 3 hr; d) sample (c), heated again at 100ºC, 2 hr; and 
e) sample (d), after an additional 3 hr at 100ºC.  Dashed vertical lines show the 
characteristic peak locations of D, DL-I, and DL-II. 
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and DL-I, but the peaks were still broad relative to peaks in the spectra of ambient-

lyophilized samples (Figure 3.7).  At the end of the thermal treatment (Figure 5.7e) DL-II 

was the predominant component of the spectrum, and DL-I was present at a much lower 

relative amount.  Again, this supports that DL-II and DL-I are thermodynamic and kinetic 

products, respectively.  No further heating of this sample was performed, but it would be 

interesting to determine if additional heating would completely transform DL-I to DL-II.  

Although the kinetics associated with thermal transformations by DSC versus the heat-

hold-cool method shown in Figure 5.7 are very different, it is possible to draw parallels 

between the two.  Of particular interest is that the overlapping peaks in the SSNMR 

spectra slowly disappeared while held at 100ºC.  This temperature is ~100ºC away from 

the DSC-observed melt, but very close to the onset of the broad exothermic peak 

observed in the DSC (Figure 5.5), suggesting that the DSC-observed exotherm 

corresponds to molecular rearrangement to crystal forms of D, DL-I, and DL-II (Figure 

5.7e).  Similar to observing sample transformation due to thermal treatment, another 

sample was exposed to ambient conditions in order to determine the possible effect of 

water vapor on the transformation process.  

 Figure 5.8a shows 13C CP-MAS NMR spectra of 25% L-proline prepared by the 

N2-lyophilization method (same spectrum as in Figure 5.1).  Following analysis, the 

sample was stored under dry nitrogen for ~1 month before analyzing again by SSNMR 

(Figure 5.8b).  Slight changes in the peaks were observed, including growth of the D peak 

at 33.0 ppm and a relative decrease in the intensity of the peak at ~176 ppm, but the 

sample appeared to be relatively stable under these dry, room-temperature conditions.  

The sample was then exposed to ambient (room-temperature and RH) conditions.  Figure 
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Figure 5.8.  13C CP-MAS NMR spectra of N2-lyophilized 25% L-proline a) immediately 
after lyophilization; b) after 1 month of storage under dry nitrogen, room temperature; c) 
after 1 day of exposure to ambient laboratory conditions; and d) sample (c), after an 
additional week at ambient conditions.  Dashed vertical lines show the characteristic peak 
locations of D, DL-I, and DL-II. 
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5.8c shows the spectrum of the sample after 1 day of exposure to ambient laboratory 

conditions.  Crystalline D, DL-I, and DL-II peaks were clearly visible following exposure 

to these conditions, although the peaks were somewhat broad.  After an additional week 

of exposure to ambient conditions (Figure 5.8d), the peaks had narrowed, and the hydrate 

forms DL-MH and D-MH were observed, along with D, some DL-I, DL-II, and an 

unknown peak (~23.9 ppm).  This demonstrates the ability for water vapor to assist the 

crystallization of proline.  The observed peak narrowing upon lengthy exposure to 

ambient conditions also suggests that the presence of water allows for crystal perfection 

to take place, likely due to increased lattice mobility in the presence of water.2  Although 

T1 relaxation measurements are often used to probe the mobility of a solid system,17 it is 

not clear if it would be helpful in elucidating this mechanism.  The increased mobility 

due to the presence of water could be counteracted by the decrease in mobility that is 

achieved upon lattice perfection. 

 Exposure of the disordered N2-lyophilized samples to either ambient water vapor 

or elevated temperature resulted in crystalline peaks for D, DL-I, and DL-II.  However, 

due to the large degree of peak overlap, it was not possible to selectively observe and 

assign the decrease in one peak to the appearance of another.  Therefore, it was not 

possible to determine the order of transformation of the various forms, i.e., direct 

transformation of “unstable” crystal phase(s) to DL-II, or transformation first to DL-I, 

then to DL-II. 
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5.3.5 Dehydration of DL-MH 

 Up until this point, it was assumed that the lyophilization method itself produced 

the SSNMR-observed metastable crystal forms, and the lack of water vapor increased the 

stability of these forms.  However, an alternative explanation for the observed disorder is 

that DL-MH was present upon completion of the lyophilization cycle, but exposure to the 

dry nitrogen gas rapidly dehydrated it, resulting in partial lattice collapse and the 

observed disorder/multiple unstable forms.  In order to address this second possibility, 

DL-MH was dehydrated under various conditions and characterized by SSNMR. 

 In order to determine the products resulting from DL-MH dehydration, a sample 

of DL-MH was dried at 80ºC under vacuum and then packed into a SSNMR rotor within 

a dry nitrogen glove box.  The resulting 13C CP-MAS NMR spectrum (Figure 5.9f) 

showed sharp crystalline peaks, not the broad peaks associated with a disordered 

material.  The crystalline peaks corresponded to DL-I and another crystal form that had 

not been previously observed (DL-III).  Additional DL-MH samples were dehydrated 

under a variety of conditions, including at lower temperatures (20, 35, 45ºC) and over 

desiccant (room temperature).  In all cases, SSNMR analysis showed crystalline peaks 

that corresponded to various levels of DL-I and the new crystalline form.  Although 

dehydration of some crystalline hydrates can result in collapse of the crystal lattice, and 

therefore the formation of amorphous material, there were no indications of disorder or 

amorphous material in any of the dehydrated DL-MH samples.  Thus, under a variety of 

dehydration conditions, DL-MH dehydration always produced crystalline material, and 

the presence of the overlapping peaks in the N2-lyophilized samples (SSNMR, Figure 

5.1) cannot be attributed to the dehydration of DL-MH upon exposure to nitrogen gas 
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Figure 5.9.  13C CP-MAS NMR spectra of proline crystal forms: a) enantiopure proline, 
b) enantiopure monohydrate, c) DL-monohydrate, d) DL-form I, e) DL-form II, and f) a 
mixture of DL-forms I and III. 
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after the lyophilization process.  This means that the SSNMR-observed, overlapping 

peaks are the result of the lyophilization process itself. 

 Although the new crystal form was repeatedly observed upon dehydration of DL-

MH, it was not possible to isolate it.  This form was always observed in the presence of 

DL-I, and the 13C SSNMR peaks corresponding to this unknown form slowly decreased 

in intensity over time, eventually resulting in a sample composed solely of DL-I.  This 

behavior suggests that this unknown form corresponds to a metastable racemic cocrystal, 

which slowly transforms into DL-I.  It is referred to as DL-proline form III (DL-III) from 

here forward.  The overall dehydration behavior of DL-MH is outlined below: 

  

! 

(DL - MH)solid
dehydration" # " " "  (DL - I)solid  +  (DL - III)solid

solid-state transformation" # " " " " " " "  (DL - I)solid
 

5.4 Discussion 

 In Chapter 3, we reported a new polymorphic form of the proline racemic 

cocrystal.  This form, DL-II, was only observed upon lyophilizing solutions that 

contained an enantiomeric excess of D-proline.  When crystallized from solution and/or 

with an equimolar ratio of the D- and L-proline enantiomers, only the kinetic product, 

DL-I, was observed.  The observed DL-II versus DL-I formation was hypothesized to 

arise from the combination of reduced molecular motion associated with crystallizing by 

lyophilization and the presence of excess D-enantiomer, which acted as a physical barrier 

to slow formation of the DL-proline crystal lattice.  According to the hypothesis, both of 

these conditions were necessary to allow the thermodynamic product (DL-II) to form as 

opposed to the kinetic product (DL-I). 
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 If this hypothesis were true, then the following should be observed: 1) We should 

be able to observe the “frustrated” state, in which the racemic cocrystal DL-pairs and D-

proline molecules cannot completely separate from one another in order to form their 

own respective crystal lattices; and 2) Not only should the formation of the racemic 

cocrystal lattice be inhibited due to the presence of intervening D-proline, but to an 

extent, the reverse must also be true: Formation of the D-proline crystal lattice must also 

be slowed by the presence of the L-proline.  The purpose of the work in this chapter was 

to determine whether or not an amorphous/disordered state existed in the lyophilized 

proline samples. 

 

5.4.1 Observation of disordered crystalline material  

 Due to the ability of water to induce crystallization of amorphous materials,1-3 we 

prevented exposure of the samples to ambient water vapor following the lyophilization 

process.  The resulting samples demonstrated differences in SSNMR spectra and PXRD 

patterns relative to lyophilized samples that were exposed to ambient conditions.  The 

SSNMR spectra contained a number of overlapping, unresolvable peaks that had not 

previously been observed, and the PXRD patterns contained broad, unresolved peaks 

located at/near the peak locations associated with DL-I.  The results from both techniques 

suggested the presence of disorder but the absence of an amorphous phase.  Upon 

introducing mobility into the system, either through increasing temperature or by 

exposure to water, the material transformed into known crystal forms D, DL-I, and DL-II.  

These results demonstrate that, by preventing sample exposure to ambient water vapor, it 
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was possible to stabilize and detect the presence of thermodynamically unstable crystal 

forms that may correspond to the hypothesized “frustrated” state. 

 

5.4.2 “Missing” D and DL-II peaks 

 In the 13C CP-MAS NMR spectra of N2-lyophilized samples (Figure 5.1), the 

characteristic D-proline peak located at 33.0 ppm was noticeably missing or reduced 

relative to the amount that was theoretically anticipated in most samples.  This was 

particularly true at higher concentrations (35–45%) of L-proline, where almost no peak 

was observed for D-proline at 33.0 ppm.  Also, DL-II (characteristic peak located at 26.7 

ppm, Figure 5.1) was never present in the absence of the D-proline (33.0-ppm peak).  

These observations suggest the presence of the aforementioned “mutual” frustration of 

the DL and D lattice packing.  If this is indeed the case, and both D and DL-proline 

prevented each other from forming their thermodynamically favorable crystal lattices, it 

would follow that, when the system becomes mobile, both forms should 

recrystallize/transform at the same time.  This concurrent crystallization of D- and DL-II 

was observed upon increasing the mobility in the system by thermal- or water-induced 

mechanisms (Figures 5.7 and 5.8), supporting the hypothesis of “mutual frustration.” 

 Also supporting this is the fact that the “frustrated” state was not observed when 

samples of 50% L-proline (Figure 5.1) or 100% L-proline (not shown) were prepared by 

the same N2-lyophilization method.  At these concentrations, where enantiomeric excess 

is either 0 or 100%, there are no molecules to act as defects to frustrate formation of the 

D or DL lattice structure.  Thus, as in Chapter 3, it is observed that “frustration” occurred 

only in the case of non-equimolar ratios of proline enantiomers. 



  197 

5.4.3 Characterization of the “frustrated” crystalline material 

 SSNMR peaks and PXRD patterns indicated the absence of amorphous material 

within the N2-lyophilized samples, indicating that the material was crystalline.  However, 

the presence of new peaks in the SSNMR spectrum demonstrated that the proline 

molecular conformations/packing arrangements were different from those previously 

observed for D, DL-I, and DL-II crystal forms. 

 The presence of multiple peaks for each carbon within the 13C CP-MAS NMR 

spectrum could have arisen from either the presence of multiple, phase-separated 

polymorphic forms, or from the presence of crystallographic inequivalence within a 

single phase, or both.13  A 2D-exchange NMR experiment and spin–lattice relaxation 

measurements were unable to differentiate between these possibilities due to a high 

degree of peak overlap in the spectra of N2-lyophilized samples. 

 PXRD patterns (Figure 5.3) showed broad peaks corresponding to the presence of 

disordered lattice structures.  The peaks corresponded to the characteristic diffraction 

peak locations for D and DL-I.  This suggests that the crystal lattice structures that exist 

within the N2-lyophilized samples are similar to the lattice packing within D and DL-I. 

 It is interesting to note that the 13C CP-MAS NMR peaks in the carbonyl region of 

the N2-lyophilized samples (Figure 5.1) were not dramatically different from the 

corresponding peaks for samples exposed to ambient conditions (Figure 3.7).  This 

suggests that the intermolecular bonding of the carbonyls did not differ greatly.  In 

contrast, many different peaks were present in SSNMR spectra for carbons C-3 and C-4, 

indicating that the observed disorder is largely due to conformational flexibility in the 5-

membered ring. 
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 Although it was not possible to determine whether or not a single phase or 

multiple crystalline phases existed within the N2-lyophilized samples, the combined 

SSNMR and PXRD results suggest that DL-pairs and D-proline molecules potentially 

existed together in a single phase that possessed an overall lattice structure similar to that 

of DL-I and D, as well as intermolecular carbonyl-bonding patterns that were similar to 

those within DL-I and D lattice structures.  The observed differences among the SSNMR 

peaks for C-3 and C-4 peaks likely arose from ring puckering that took place to minimize 

unfavorable interactions, while preserving the carboxyl–ammonium intermolecular 

bonding observed among proline crystal structures.18  Similar to crystallographic 

inequivalence, these ring puckering conformations could exist in a set of discrete (versus 

a broad range of) conformations, leading to the non-amorphous peaks observed in the 

SSNMR spectra for C-3 and C-4 carbons. 

 Additional studies would be necessary to fully characterize the observed 

“frustrated” crystalline material.  It would be of interest to determine whether or not 

phase separation exists between D and DL chiral crystal structures, as well as to identify 

the conformations of the proline enantiomers within the solid.  In addition, it would be 

very interesting to study and compare the effect of a polymer on the crystallization of 

proline enantiomers by lyophilization. 

 

5.4.4 DL-proline form III 

 In order to demonstrate that the observed disordered phase was formed by the 

lyophilization method itself, and not dehydration of DL-MH upon exposure to dry 

nitrogen gas, DL-MH was dehydrated under a variety of conditions.  Analysis of the 
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resulting materials by SSNMR always showed the formation of crystalline materials, 

predominantly DL-I and a variable amount of another new polymorphic form, DL-III.  

The relative amounts of DL-I and DL-III in the sample always contained DL-I ≥ DL-III, 

and the DL-III gradually decreased over time to form DL-I.  This behavior indicates that 

DL-III is metastable to DL-I at room temperature.  Further studies would be necessary to 

define a monotropic or enantiotropic relationship between the two polymorphic forms. 

 

5.5 Conclusion 

 Lyophilizing enantiomeric ratios of proline and maintaining the samples in low-

RH conditions through the use of dry nitrogen resulted in a multiplicity of peaks in the 

13C CP-MAS NMR spectrum and the presence of crystal-lattice disorder, as observed by 

PXRD.  This material was relatively stable at room temperature when kept dry, but 

exposure to ambient water vapor or increased temperature resulted in transformation of 

the material to known crystal forms.  These transformations were likely the result of 

increased solid-state molecular mobility due to the presence of water molecules and the 

kinetic energy associated with increased temperature.  The combination of SSNMR and 

PXRD results suggests that the N2-lyophilized material likely corresponded to 

“frustrated” structures that arose from the inability for D and L molecules to translate into 

proper configurations for the formation of separate racemic cocrystal and enantiopure 

crystal lattices.  These observations support the hypothesized mechanism by which DL-II 

(thermodynamic product) is formed over DL-I (kinetic product) in the presence of 

enantiomeric excess under solid-state crystallization conditions. 
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Chapter 6 

Solid-State Crystallization of Proline Racemic Cocrystals from 

Amorphous Cryoground Material 
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6.1 Introduction 

 In this chapter, we report the crystallization behavior of proline enantiomers from 

an amorphous phase produced by cryogrinding.  By comparing the solid-state 

crystallization behavior of cryoground proline enantiomers to lyophilized proline 

enantiomers, we expect to gain insight into the previously observed preferential 

crystallization of DL-I versus DL-II (Chapters 3–5). 

 

6.1.1 Grinding to produce cocrystals 

 Pharmaceutical cocrystals have gained attention due to desirable physicochemical 

properties, including enhanced dissolution rates and stability.1  Cocrystals are multiple-

component crystalline materials that are composed of stoichiometric ratios of the active 

pharmaceutical ingredient (API) and a “co-former” molecule, which typically possesses 

hydrogen-bonding potential that complements that of the API.  Most often, cocrystals are 

produced by solvent-evaporation of a solution containing both the drug molecule and a 

co-former.  More recently, solid-state grinding has been shown to be a feasible and 

potentially more efficient process for producing and screening potential pharmaceutical 

cocrystals.2 

 The mechanism by which cocrystals are formed during the grinding process is an 

active area of research.3,4  Of particular interest is the formation of an intermediate 



 205 

amorphous phase, which then crystallizes during or after the grinding process to produce 

the cocrystal.5,6  Studies have indicated that the amorphous phase is indeed a possible 

intermediate, and its formation is facilitated by grinding at low temperatures.1,7,8 

 

6.1.2 Amorphization by cryogrinding 

 Grinding organic crystalline material produces defects within the crystal lattice.9  

After sufficient grinding, these defects reach a critical concentration, at which point the 

crystal lattices collapse, resulting in an amorphous phase.  However, this trituration 

process competes with recrystallization.  If the kinetics associated with recrystallization 

are greater than the formation of defects, an amorphous phase will not be observed.7 

 Cryogrinding is performed at liquid nitrogen temperatures (77 K).  These low 

temperatures reduce molecular mobility within the system, therein slowing the 

crystallization process.  This creates the potential to stabilize the formation of amorphous 

and metastable crystalline states that might exist transiently when grinding at room 

temperature.5,7 

 

6.1.3 Cryogrinding proline 

 We have shown in Chapters 3–5 that the crystallization of proline enantiomers in 

the solid state (lyophilization) versus solution state had a large effect on the resulting 

product.  Of particular focus has been the preferential formation of DL-proline form I 

versus form II.  Whereas DL-I formed when solid-state crystallization proceeded readily, 

DL-II was the major product when the crystallization process was impeded by the 

presence of enantiomeric excess. 
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 Due to our interest in better understanding the formation of DL-I versus DL-II, we 

explored the possibility of producing the proline racemic cocrystals by grinding.10  Of 

particular interest was the potential observation of an amorphous phase.  Previous 

proline-sample preparation methods included lyophilization and spray drying, both of 

which are conventional methods for producing amorphous solids.7  However, these 

preparation methods only produced non-amorphous, crystalline forms of proline.  Thus, 

cryogrinding was used in an attempt to achieve amorphous material, from which the 

crystallization of DL-I and/or DL-II could be observed. 

 

6.2 Experimental 

6.2.1 Materials 

L- and DL-proline were purchased from Alfa Aesar (Ward Hill, MA), D-proline was 

purchased from Sigma-Aldrich (St. Louis, MO).  DL-proline form I was crystallized from 

aqueous solution.  All amino acids were used as received. 

 

6.2.2 Cryogrinding.   

Bulk D-proline, DL-proline form I, or equimolar mixtures of bulk L- and D-proline were 

weighed directly into a polycarbonate cryovial containing a stainless-steel impactor bar.  

The material (~1 g total) was then ground in a Freezer/Mill (SPEX 6750; SPEX Certi-

Prep; Metuchen, NJ) for a total of either 30 or 60 min, performed in 15 or 30 cycles (2 

min of grinding followed by a 2-min rest interval), preceded by 5 min of pre-cooling.  All 

sample handling before and after grinding was performed within a dry nitrogen glove 

box. 
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6.2.3 Solid-state NMR spectroscopy 

All 13C spectra were acquired on a Chemagnetics CMX-300 spectrometer (Varian, Inc.), 

operating at 75 MHz for 13C.  All acquisitions included cross polarization (CP),11,12 

magic-angle spinning (MAS)13 at a rate of 4 kHz (±3 Hz), SPINAL64 decoupling14 at a 

field strength of ~64 kHz, and total sideband suppression (TOSS).15  A contact time of 2 

ms was used for all samples.  1H T1
 relaxation measurements were performed using a 

saturation–recovery pulse sequence, and T1 values were calculated using KaleidaGraph 

(version 4.01, Synergy) with the equation y = amp(1-exp(-τ/T1), where y is the integrated 

signal intensity, amp is the amplitude constant, τ is saturation–recovery time, and T1 is 

the spin–lattice relaxation time.  3-methylglutaric acid (MGA) was used to optimize the 

spectrometer settings as well as to set the reference frequency.16  All samples were 

packed into zirconia rotors with ribbed Kel-F® end caps.  Variable-temperature 

experiments were performed with a 7.5-mm double-resonance MAS probe (Varian; Palo 

Alto, CA) with a 3.9-µs 1H pulse duration.  Lead nitrate was used for temperature 

calibration.17  During variable-temperature experiments, samples were equilibrated at 

each temperature for at least 15 min prior to tuning and data acquisition. 

 

6.2.4 Powder X-ray diffraction 

Diffraction patterns were acquired with a Scintag X2 Diffraction System (XGEN-4000; 

Scintag, Inc.) using CuKα radiation (45 kV, 35 mA), an angular range between 5 and 40º 

2θ, a step size of 0.02º, and a dwell time of either 0.3 or 4 s.  Each sample (~300 mg) was 

packed into a stainless-steel die.  All analyses were performed at ambient conditions. 
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6.2.5 Differential scanning calorimetry 

Differential scanning calorimetry (Q100 DSC; TA Instruments; New Castle, DE) was 

performed on samples of 3–8 mg that were packed into either standard or hermetic 

aluminum pans and crimped.  Data was collected from room temperature to ~240ºC, with 

a temperature ramp of 10 or 20ºC/min and a 50-mL/min dry nitrogen purge.  The MDSC 

method included a 1ºC/min ramp with a modulation of ±0.40ºC/60 s and a temperature 

range of -20 to 200ºC. 

 

6.2.6 Thermogravimetric analysis 

Water content of samples was determined by thermogravimetric analysis (Q50 TGA, TA 

Instruments; New Castle, DE).  Samples of 10–20 mg were heated from room 

temperature to >300ºC at a rate of 10ºC/min under a 40-mL/min dry nitrogen purge. 

 

6.3 Results 

6.3.1 Stabilizing physical forms in cryoground proline: Variable-temperature SSNMR 

 Before cryogrinding mixtures of proline enantiomers, it was of interest to obtain a 

spectrum of amorphous enantiopure material.  Bulk D-proline was cryoground for a total 

of 60 min, then analyzed by SSNMR at 20ºC.  The initial 13C CP-MAS NMR spectrum 

(Figure 6.1, bold red line) possessed several crystalline peaks but no broad amorphous 

peaks.  The crystalline peaks indicated the presence of the previously observed D-proline 

crystal form, as well as new crystal forms (Table 6.1).  As SSNMR analysis continued, 

the intensity of these new peaks decreased, with corresponding increases in the intensity 

of the known D-proline peaks.  After 18 hr, the spectrum contained only peaks of the 
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Figure 6.1.  13C CP-MAS NMR spectra of cryoground (60 min) D-proline over time at 
20ºC.  The spectral region of each carbon in the proline molecule has been plotted 
separately.  Spectra were collected consecutively every 8 min starting at t=0, and then 
after 18 hr (bold black line).  The initial spectrum is denoted as a bold red line.  Arrows 
indicate relative changes in C-1 peak intensities. 



 210 

 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6.1.  !3C CP-MAS NMR chemical shifts (ppm) of proline crystal forms 
 
  Carbonyl 

peak Aliphatic peaks 

Crystal form Abbrev. C1 C2 C5 C3 C4 
Enantiopurea L/D 175.3b 61.9 46.5 33.0 25.4 
Enantiopure monohydrate L-MH 177.6 61.5 48.6 30.5, 

30.3 
26.1, 
25.9 

Racemic cocrystal 
monohydrate DL-MH 177.2 60.1 48.5 30.8 26.2 

Racemic cocrystal form I DL-I 175.3b 60.6 45.9 31.0 24.2 
Racemic cocrystal form II DL-II 176.3 60.6 47.6 31.9 26.7 
Racemic cocrystal form III DL-III 175.6 59.6 47.0 31.3 25.3 
 

aEnantiopure D- and L-proline have the same 13C SSNMR peak positions. 
bEnantiopure and DL-I spectra overlap at the carbonyl peak, but peak differences are 
observed for the aliphatic peaks. 
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known crystal form of enantiopure D-proline (Figure 6.1, bold black line). 

 This sample transformation was rapid relative to the time necessary to obtain a 

quality SSNMR spectrum and/or relaxation measurements.  To slow the progression of 

the transformation, the samples were cooled to below room temperature.  This was 

accomplished by coupling a variable-temperature (VT) stack to the NMR probe.  The VT 

system was calibrated using lead nitrate,17 and the resulting calibration curve (i.e., 

temperature dependence of the 207Pb chemical shift) is shown in Figure 6.2.  The slope of 

this plot is 0.7347 ppm/degree, which is slightly less than the value of 0.753 ppm/degree 

previously published.17  Therefore, slight temperature corrections were necessary (e.g., to 

achieve a temperature of -60 or 200ºC using this VT stack, the instrument temperature 

setting had to be at -62.2 or 204.2ºC, respectively). 

 In addition to calibrating the VT SSNMR system with lead nitrate, it was 

necessary to characterize the possible temperature-dependence of proline chemical shifts.  

The cause for temperature-dependent peak changes in the 13C CP-MAS NMR spectrum 

of a molecular crystal is the expansion/contraction of the crystal lattice that occurs as the 

temperature changes.18  13C CP-MAS NMR spectra of proline crystal forms (D, DL-I, and 

DL-II) were acquired as a function of temperature (-20–200ºC).  There was noticeable 

temperature dependence for the peak positions of these proline crystal forms.  The peak 

shifts were linear, and the direction and magnitudes of the shifts differed among the 

different crystal forms, as demonstrated by Figure 6.3.  Figures 6.4a–c are plots of the 

temperature dependence for each carbon peak of proline crystal forms D, DL-I, and DL-

II.  These shifts were accounted for when assigning peaks in VT 13C CP-MAS NMR 

spectra. 
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Figure 6.2.  Lead nitrate temperature calibration plot.  Solid black line represents the 
linear regression of the experimental data (equation shown).  Dashed red line indicates 
the theoretical temperature dependence of 207Pb peak shift.17 
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Figure 6.3.  13C CP-MAS NMR temperature dependence of C-3 and C-4 carbons of 
proline crystal forms D, DL-I, and DL-II.  Lines highlight the linearity of chemical shift 
as a function of temperature. 
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Figure 6.4a.  13C CP-MAS NMR temperature dependence of the C-1 (carbonyl) carbon 
of proline crystal forms D, DL-I, and DL-II.  Peak shifts are plotted as the change in 
chemical shift relative to the position at 20ºC. 
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Figure 6.4b.  13C CP-MAS NMR temperature dependence of C-2 and C-5 carbons of 
proline crystal forms D, DL-I, and DL-II.  Peak shifts are plotted as the change in 
chemical shift relative to the position at 20ºC. 
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Figure 6.4c.  13C CP-MAS NMR temperature dependence of C-3 and C-4 carbons of 
proline crystal forms D, DL-I, and DL-II.  Peak shifts are plotted as the change in 
chemical shift relative to the position at 20ºC. 
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 For all additional analyses of cryoground proline samples, the SSNMR probe was 

pre-cooled to -20ºC in attempt to stabilize any metastable physical forms that might be 

present.  Additionally, steps were taken to keep the samples dry, since the presence of 

water has been shown to reduce the stability of amorphous and disordered forms.19-21  

Cryovials were sealed in a dry nitrogen glove box prior to cryogrinding and moved back 

to the glove box after the grinding process, at which time samples were quickly packed 

into SSNMR rotors, PXRD sample holders, and DSC pans for analysis. 

 Following initial SSNMR characterization at -20ºC, spectra were acquired as the 

temperature was increased step-wise, typically in 10ºC increments, with a 15-min 

temperature-equilibration period at each step.  SSNMR is a powerful identification 

method, and by adding the variable-temperature component, it potentially allows for 

identification of thermal transitions observed by DSC, which is not considered an 

identification method.22  Whereas SSNMR provides valuable identification information, 

DSC provides information about energetic changes associated with physical and chemical 

transformations.  Comparison of DSC results (thermal information) to VT SSNMR 

analysis (spectroscopic identification) can potentially be very helpful in characterizing 

temperature-dependent physical transformations of a system.  However, although VT 

SSNMR and DSC are complementary techniques, the large difference in heating kinetics 

associated with these two methods (minutes for DSC, hours/days for VT SSNMR) means 

that direct comparisons of the results are not always possible. 
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6.3.2 Cryogrinding D-proline 

 Another sample of bulk D-proline was cryoground for 30 min and quickly 

transferred to the pre-cooled SSNMR probe.  The 13C CP-MAS NMR spectrum of this 

freshly cryoground material at -20ºC is shown in Figure 6.5.  As with the previous sample 

of cryoground D-proline (Figure 6.1), multiple peaks were observed for each carbon in 

the spectrum.  By maintaining the sample temperature below 20ºC, transformation of the 

forms within the sample was minimized, allowing high–signal-to-noise spectra to be 

collected.  The widths of the peaks in the spectra indicate that these are crystalline, not 

amorphous materials. 

 In both iterations of cryogrinding D-proline, amorphous material was not 

observed by SSNMR analysis.  It may not be possible to completely disorder/amorphize 

the D-proline crystal lattice.  This type of resistance to mechanical disordering has been 

reported for other small molecules, including acetaminophen and aspirin.23  Although 

amorphous material was not observed, the presence of metastable crystalline forms was 

evidenced by “disappearing” peaks in the 13C CP-MAS NMR spectra of cryoground D-

proline.  It is not clear if each peak corresponded to a distinct crystalline phase, or if they 

indicated crystallographic inequivalence.  Relaxation measurements were not able to 

distinguish between these two possibilities. 

 Figure 6.6 shows the PXRD pattern of the cryoground D-proline material.  No 

environmental control during analysis was possible, but the sample holder was packed 

within a dry nitrogen glove box and analyzed with a short dwell time (0.3 s/step, ~7 min 

total) immediately after preparation.  No new peaks were observed in the pattern of this 
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Figure 6.5.  13C CP-MAS NMR spectra of cryoground (30 min) D-proline.  Spectra were 
acquired at -20, 10, 15, and then 20ºC.  The spectral region of each carbon in the proline 
molecule has been plotted separately and normalized to the same maximum intensity. 
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Figure 6.6.  PXRD patterns for cryoground (30 min) D-proline immediately after 
preparation (fast acquisition) and again after 2 hr at ambient conditions.  The diffraction 
pattern for the bulk D-proline material is shown for reference. 
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cryoground material, and peak widths did not appear to be significantly different from 

those of the bulk material.  Additionally, no amorphous halo was observed.  This 

supports the observations of SSNMR in that cryogrinding bulk D-proline did not produce 

amorphous material.  Although amorphous/disordered materials have an increased 

tendency to sorb ambient water vapor,19 which can induce crystallization,20 diffraction 

peaks corresponding to the hydrated form were not observed. 

 Figure 6.7 shows DSC thermograms of the bulk D-proline material and the 

freshly cryoground sample.  In the cryoground material, there is an exothermic transition 

with an onset of ~26ºC.  This temperature corresponds well with the observed 

transformation by SSNMR, in which the additional peaks disappeared quite quickly after 

the sample temperature was increased to 20ºC.  Thus, this exothermic transition might 

correspond to the monotropic24 transformation of the metastable crystalline D-proline to 

the known crystal form of D.  At higher temperatures, the DSC thermogram contains two 

melting peaks: a eutectic, indicating the presence of the opposite L-enantiomer in the 

bulk material, and the liquidus melt.  The melting temperature of the cryoground material 

was lower than the bulk, possibly due to differences in particle size.25 

 Two attempts to produce amorphous D-proline by cryogrinding were 

unsuccessful.  This is not altogether surprising, as lyophilization of L-proline, even under 

N2-lyophilization conditions, also did not result in an observable amorphous phase 

(Chapter 5).  As noted previously, some materials are unable to be fully amorphized by 

grinding, even at low temperature.23  In order to determine if the racemic cocrystal also 

was resistant to amorphization, DL-I was cryoground for 30 min and analyzed. 
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Figure 6.7.  DSC thermograms of bulk and cryoground D-proline.  Inset shows a y-axis 
expansion from 10–55ºC. 
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6.3.3 Cryogrinding DL-proline form I 

 Figure 6.8 shows VT 13C CP-MAS NMR of cryoground DL-I (30 min) from -20 

to 50ºC.  In the initial spectrum, collected at -20ºC (bold purple line), broad amorphous 

peaks are clearly observed.  These amorphous peaks overlap with small crystalline peaks 

(denoted by arrows) that correspond to DL-I.  This suggests that 30 min of cryogrinding 

successfully amorphized part, but not all, of the DL-I starting material.  As the sample 

temperature was increased, two transformations were observed in the SSNMR spectra.  

First, between 20 and 30ºC, a large reduction in peak width and change in chemical shift 

occurred (Figure 6.8a), but the peaks remained quite broad and did not appear to 

correspond to a crystallization event.  The second transformation was crystallization to 

DL-I between 40 and 50ºC (Figure 6.8b). 

 PXRD diffraction patterns of the cryoground DL-I are shown in Figure 6.9.  An 

initial acquisition with a short dwell time (0.3 s) indicated the presence of both DL-I and 

DL-II crystal forms.  After 4 hr at ambient laboratory conditions, changes in the sample 

were observed, including the appearance of the characteristic peak of DL-MH 

(~8.8º 2θ) and relative increases in the intensity of DL-II peaks (characteristic peak at 

14.2º 2θ) and corresponding decreases in DL-I (characteristic peak at 9.8º 2θ).  All of 

these changes can possibly be explained by the absorption of water, as this could have led 

to the formation of the monohydrate crystal and increased the mobility within the system, 

therein allowing the transformation of the kinetically stable DL-I to DL-II.19 

 Figure 6.10 shows DSC thermograms of the bulk and cryoground DL-I.  The 

thermogram for cryoground material contained a large exothermic transition after 50ºC.  

This is attributed to the crystallization event observed between 40 and 50ºC by 
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Figure 6.8.  13C CP-MAS NMR spectra of cryoground (30 min) DL-I.  Spectra were 
acquired at -20 to 50ºC in 10ºC increments.  The spectral region of each carbon in the 
proline molecule has been plotted separately.  a) Transition between 20 and 30ºC.  b) 
Crystallization transition between 40 and 50ºC.  Arrows denote crystalline peaks.  Bold 
lines indicate initial (-20ºC) and final (50ºC) spectra. 
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Figure 6.9.  PXRD patterns of cryoground (30 min) DL-I acquired with a fast (0.3 s) 
dwell time and again after 4 hr with a 4 s dwell time.  PXRD patterns for D, DL-I, and 
DL-II proline crystal forms are shown for reference. 
 



 226 

 
 
 

 
 
Figure 6.10.  DSC thermograms of bulk and cryoground (30 min) DL-I. 
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SSNMR.  The melting endotherm for the cryoground DL-I was located at ~216ºC, which 

suggests the melting of DL-II (mp ~217ºC) versus DL-I (mp ~213ºC).  However, as 

mentioned previously, the use of DSC for polymorph identification can be ambiguous.22  

Despite the observation of amorphous material by SSNMR and a crystallization peak by 

DSC, a Tg transition was not observed by DSC or MDSC of the cryoground material (not 

shown).  

 It is important to reiterate that the heating rate for analysis by SSNMR versus 

DSC was very different in these studies.  Whereas DSC samples were analyzed while 

heating at a constant rate of 10ºC/min, the SSNMR samples were heated step-wise (from 

-20 to 50ºC for the cryoground DL-I sample) over the course of hours, and 13C CP-MAS 

NMR spectral acquisitions occurred under isothermal holds.  Previous studies have 

demonstrated that the heating rate and thermal history can have a dramatic effect on the 

crystallization product and the observation of intermediate forms.6  The potential for such 

differences in transformations needs to be kept in mind when directly comparing DSC 

and VT-SSNMR results. 

 For the cryoground DL-I sample, broad peaks characteristic of an amorphous 

phase were observed in the 13C CP-MAS NMR spectrum, but the presence of amorphous 

material was not necessarily supported by PXRD or DSC analyses.  Of particular interest 

in the SSNMR spectra was the transition from one set of broad peaks to another between 

20 and 30ºC.  There were no transitions in the DSC thermogram that could be assigned to 

this SSNMR-observed transition, possibly due to conversion prior to the DSC run or due 

to differences in the kinetics of the two thermal analyses.  The breadth of the SSNMR 

peaks before and after this transition is typically associated with the presence of an 
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amorphous phase, which suggests that this peak shift might be associated with the 

amorphous phase transition from the rubbery to the glassy state.  This transition (glass 

transition, Tg) is a reversible process.  In order to better understand this transition, and 

determine its potential reversibility, the VT-SSNMR analysis of cryoground DL-I was 

repeated with the addition of a heat-cool-heat cycle during the course of the experiment. 

 

6.3.4 Reversibility of broad–broad peak transition 

 A sample of DL-I was cryoground for 30 min, quickly packed into a rotor within 

the glove box, and transferred to the pre-cooled SSNMR probe.  VT 13C CP-MAS NMR 

spectra were collected in 3 phases (heat-cool-heat: -20301050) as shown in Figure 

6.11.  These results showed the same transition previously observed between 20 and 

30ºC.  After increasing the temperature through this transition, the temperature was 

lowered back to 20ºC, then 10ºC, with no apparent change at either temperature.  Sample 

temperature was then increased again, and no significant spectral changes were observed 

until crystallization to DL-I between 40 and 50ºC.  The irreversibility of the

transformation between 20 and 30ºC indicates that this event is not related to the glass 

transition, which is a reversible transition. 

 Figure 6.12 shows the PXRD diffraction pattern of the cryoground DL-I material 

corresponding to the SSNMR of Figure 6.11.  The diffraction pattern of previously 

cryoground DL-I material (from Figure 6.9) is also shown.  In the first preparation, 

PXRD indicated the presence of predominantly DL-II, but the peaks for the second 

preparation demonstrate a composition predominantly of DL-I. 
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Figure 6.11.  VT 13C CP-MAS NMR spectra of cryoground (30 min) DL-I.  The VT 
experiment consisted of 1) heat: -20–30ºC, 2) cool: 30–10ºC, and 3) heat: 10–50ºC 
phases. 



 230 

 

 
Figure 6.12.  PXRD pattern of cryoground (30 min) DL-I (bottom, “second”).  For 
reference, the patterns of the previously cryoground DL-I sample (“first”), DL-II, and 
DL-I are included. 
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 Differences between the two iterations of cryogrinding were also observed by 

DSC.  Figure 6.13 shows the DSC thermogram of the second preparation of cryoground 

DL-I.  A small exotherm at ~35ºC and a large exotherm at ~65ºC were observed.  The 

large exotherm, which had been observed previously (Figure 6.10), likely corresponded 

to the SSNMR-observed crystallization at ~50ºC.  The smaller exotherm ~35ºC was not 

present in the thermogram shown in Figure 6.10.  This event might correspond to the 

SSNMR-observed transition between 20 and 30ºC.  The melting endotherms above 

200ºC suggest the melting of both DL-I and DL-II crystal forms. 

 The exact nature of the 20–30ºC transition observed by SSNMR is still unclear.  

However, the VT SSNMR heat-cool-heat experiment indicates that it is nonreversible, 

and DSC suggests that it might be an exothermic transformation. 

 According to SSNMR, the final crystalline product upon cryogrinding DL-I was 

solely DL-I.  The most likely explanation for this observation is that residual seed 

crystals of DL-I nucleated the crystallization of the amorphous phase.  This is especially 

plausible because SSNMR indicated the presence of crystalline DL-I material following 

the cryogrinding process.26  To test this, an equimolar physical mixture of enantiopure D- 

and L-proline bulk material were cryoground together.  In this sample, even in the 

absence of complete amorphization, there should be no seed crystals of DL-I. 

  

6.3.5 Cryogrinding D- and L-proline 

 Figure 6.14 shows 13C CP-MAS NMR spectra of a cryoground (30 min) 

equimolar mixture of D- and L-proline (D+L).  The initial material (-20ºC) contained the 

same broad amorphous peaks as the cryoground DL-I, but instead of the crystalline peaks 
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Figure 6.13.  DSC thermogram for cryoground (30 min) DL-I. 
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Figure 6.14.  VT 13C CP-MAS NMR spectra of a cryoground (30 min) equimolar 
mixture of D- and L-proline.  Spectra were collected (from bottom to top) at -20, 20–60, 
and 90ºC. 
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of DL-I, crystalline peaks of enantiopure proline were observed.  This demonstrates that 

the presence of crystalline material in both cryoground DL-I and cryoground D+L are 

due to incomplete mechanical disordering.  Several notable transformations took place 

upon performing VT SSNMR.  This analysis was performed over the course of two days, 

in the temperature sequence -20, 20–60 in 10ºC increments, and ending at 90ºC.  First, 

the broad–broad peak transition was again observed between 20 and 30ºC.  Comparing 

these broad D+L peaks to those of cryoground DL-I indicates no significant differences 

in peak position or shape.  However, unlike in the cryoground DL-I samples, which 

crystallized by 50ºC, crystallization of this cryoground D+L sample did not occur until 

60ºC.  Additionally, this crystallization at 60ºC took place slowly enough to observe 

multiple phases in the 13C CP-MAS NMR spectrum: The amorphous phase crystallized to 

DL-II relatively rapidly, but the aliphatic region, in particular at the C-3 peak (35–29 

ppm), shows the presence of both enantiopure crystalline material and DL-I.  By 90ºC, all 

of the observed peaks correspond solely to DL-II. 

 The presence of peaks corresponding to crystalline D- and L-proline in the initial 

SSNMR spectra demonstrates that the cryogrinding process did not create a completely 

homogeneous molecular dispersion of the enantiomers.  Interestingly, the temperature at 

which crystallization of the amorphous phase took place (~60ºC) was higher than the 

crystallization of cryoground DL-I (<50ºC).  This higher temperature requirement is 

potentially indicative of the additional energy necessary for molecular translation to form 

the DL lattice in the absence of seed crystals. 

 Although it is expected that the amorphous material would crystallize to a racemic 

cocrystal, it was interesting that the residual enantiopure crystalline material also 
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converted into the racemic cocrystal at the same temperature (~60ºC).  This enantiopure 

 cocrystal solid-state transformation is possibly explained by the relatively high-energy 

state and small particle size typically associated with cryoground materials.  The ability 

for cryogrinding to affect molecular mobility, and therefore the physical stability, of solid 

materials has been demonstrated previously.21,27 

 PXRD analysis (not shown) of the freshly cryoground D+L sample indicated the 

presence of DL-II with small peaks of DL-I.  All peaks were narrow and well resolved, 

indicative of ordered lattice structures for the DL-I and II crystal forms.  Peaks for 

enantiopure proline and DL-MH were not observed.  Because analysis took place under 

ambient conditions, it is possible that the combination of uncontrolled temperature and 

ambient water vapor allowed crystallization of both amorphous and residual enantiopure 

crystalline material into the racemic cocrystal forms prior to analysis. 

 Figure 6.15 shows a DSC thermogram of the material, which gave rise to multiple 

exothermic peaks (~45ºC, 83ºC and 91ºC, peak temps) and a possible endothermic peak 

overlapping with the first exotherm.  The presence of multiple exotherms in the DSC 

(~83 and 91ºC) near the temperature of SSNMR-observed crystallization (~60ºC) 

suggests that one exotherm might correspond to the crystallization of the amorphous 

phase, and the other might correspond to the enantiopure  racemic cocrystal 

transformation.  Also, these crystallization temperatures are higher than the 

crystallization temperature observed for cryoground DL-I (~65ºC).  As noted previously, 

this higher temperature might reflect the greater molecular mobility necessary for 

arranging D- and L-proline molecules into the DL crystal lattice (i.e., to nucleate) in the 

absence of seed crystals.  Once again, MDSC did not show the presence of a Tg or
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Figure 6.15.  DSC thermogram of a cryoground (30 min) equimolar mixture of D- and L-
proline. 
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any other reversible event within the sample.  The melting endotherm at 217ºC 

demonstrates DL-II melting. 

 Overall, the results from the analysis of cryoground D+L are consistent with the 

idea that seed crystals strongly influence the formation of DL-I or DL-II.  In the presence 

of DL-I seeds, DL-I forms.  In the absence of such seeds, DL-II forms.  It is possible that 

enantiopure material could act as seeds for DL-II, since the 13C CP-MAS NMR spectra in 

Figure 6.14 indicated that a relatively large amount of enantiopure crystalline material 

(sharp peaks in the spectrum) remained after the 30 min of grinding.  To attempt 

complete amorphization of the sample, and possibly achieve a complete molecular 

dispersion of the two enantiomers, an additional equimolar D+L sample was prepared by 

cryogrinding for 60 min. 

 Figure 6.16 shows the VT 13C CP-MAS NMR spectra of the cryoground (60 min) 

D+L material.  As before, spectra were collected step-wise as the sample temperature was 

increased: -20, 20, 30, 60, 90–120 in 10ºC increments, 150, 200 (briefly), and ending 

with 20ºC.  The initial material (-20ºC) contained peaks for an amorphous phase and for 

crystalline enantiopure material, similar to the previously cryoground sample.  However, 

in this sample, the relative intensities of the crystalline peaks are much smaller.  This is 

attributed to the increased grinding time (30 versus 60 min), which led to a greater degree 

of amorphization of the material.  Upon increasing the sample temperature, notable 

spectral changes occurred between 20 and 30ºC (Figure 6.16a), at which point the broad 

amorphous peaks appeared to shift, and between 50 and 60ºC (Figure 6.16b), where 

complete crystallization of the amorphous phase to DL-II occurred.  Very small peaks 

that correspond to the presence of DL-I were detected in the spectra from 60ºC to 200ºC.  
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Figure 6.16.  13C CP-MAS NMR spectra of a cryoground (60 min) equimolar mixture of 
D- and L-proline.  Spectra were acquired from -20 to 200ºC and then at 20ºC.  The 
spectral region of each carbon in the proline molecule is plotted separately.  a) Transition 
between 20 and 30ºC.  b) Crystallization transition (to DL-II) between 50 and 60ºC.  
Double-headed arrows highlight temperature-dependent peak shifts for DL-II between 90 
and 20ºC. 
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Upon lowering the temperature back to 20ºC, the spectrum contained only peaks 

corresponding to DL-II. 

 Previous PXRD analyses of cryoground proline samples did not detect an 

amorphous/disordered phase, but only the sharp diffraction peaks of crystalline material.  

In order to potentially mitigate thermal instability of the cryoground sample, the 

stainless-steel sample holder for PXRD analysis was pre-cooled at -40ºC.  Upon 

completion of the cryogrinding process, the sample holder was packed under dry nitrogen 

and promptly transferred to the PXRD instrument.  Figure 6.17 (bottom pattern) shows a 

diffraction pattern that was quickly collected with a 0.3-s dwell time, a step size of 0.06º, 

and a range of 5–35º 2θ (total analysis time of 2.5 min).  Diffraction peaks at ~14.3 and 

14.8º 2θ indicated the coexistence of DL-II and enantiopure crystalline proline forms.  

An additional peak at ~24.6º 2θ (1.6 min from the beginning of the data collection) also 

demonstrated the presence of the enantiopure crystal form.  Consecutive analysis with a 

longer dwell time indicated that the enantiopure crystal form was no longer present in the 

sample, as all diffraction peaks of the enantiopure lattice were absent, and only peaks of 

DL-II remained.  This means that complete transformation of the enantiopure crystal 

lattices  DL-II took place in <3 min when exposed to ambient conditions.  The pattern 

did not significantly change after a full day at ambient conditions, or after heating at 

60ºC, 100ºC, or 160ºC (not shown).  This demonstrates that the cryoground proline 

samples are very unstable at ambient conditions and transform rapidly into stable forms.  

It also indicates that the PXRD analyses performed on cryoground proline samples are 

probably not representative of the material observed by VT SSNMR, and direct 

comparisons between results from the two methods are not possible. 
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Figure 6.17.  PXRD patterns of a cryoground (60 min) equimolar mixture of D- and L-
proline acquired with a fast dwell time (0.3 s, bottom)  and immediately repeated (4-s 
dwell, second from bottom).  Patterns of D and DL-II are included for reference. 
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 Figure 6.18 shows DSC analysis of the freshly ground material.  The thermogram 

for this sample (cryoground 60 min) was very similar to the sample cryoground for 30 

min.  Both possessed the same exotherms between 30 and 100ºC, and a single melting 

endotherm.  Unlike previous samples, these pans were packed into hermetic pans and 

sealed within the glove box (versus standard pans packed under nitrogen but crimped at 

ambient conditions).  These preparation conditions did not noticeably affect the thermal 

transitions.  Heat-cool-heat and MDSC methods demonstrated that the observed 

exothermic transitions were nonreversible, and no Tg was observed by MDSC. 

 The SSNMR and DSC results were similar for D+L samples cryoground for 30 

and 60 min.  In both cases, SSNMR demonstrated the presence of residual crystalline 

enantiopure material, which indicated that the cryoground material was not a fully 

amorphized, homogeneous molecular dispersion of enantiomers.  Both SSNMR and DSC 

indicated that crystallization occurred at a higher temperature than crystallization of 

cryoground DL-I materials, and SSNMR showed that crystallization of the cryoground 

D+L material produced DL-II as the initial crystalline phase.  These results support the 

effect of seeding in the cryoground DL-I samples. 

 

6.4 Discussion 

6.4.1 Cryogrinding enantiopure proline 

 During the course of these experiments, proline samples of three different 

compositions were cryoground: enantiopure D-proline, DL-proline form I, and an 

equimolar physical mixture of D- and L-proline.  D-proline could not be amorphized, 

even after 60 min of cryogrinding.  The ability for a material to be resistant to complete 
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Figure 6.18.  DSC thermogram of a cryoground (60 min) equimolar mixture of D- and L-
proline. 
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mechanical disordering has been observed previously.23  Although amorphous material 

was not observed following cryogrinding, new peaks in the 13C CP-MAS NMR spectra 

were observed, and a small exothermic transition was observed near room temperature by 

DSC. 

 Carvajal et al. investigated the disorder that arose from cryogrinding griseofulvin 

and compared it to the disorder observed in amorphous griseofulvin prepared by a melt–

quench method.9  These studies indicated that cryogrinding griseofulvin reduced 

crystallinity by inducing crystal defects within the material, and the differences between 

defective crystals (produced by milling) and the amorphous form (produced from melt–

quench) gave rise to significant differences in bulk thermal properties.  Specifically, the 

authors noted a recrystallization event of the grinding-induced crystal defects (a small 

exothermic transition) that was independent of the amorphous-associated crystallization 

event.  Because a similar exothermic event was observed for the cryoground proline 

sample (Figure 6.7), it is possible that the multiple peaks in the cryoground D-proline 

spectrum (Figures 6.1 and 6.5) correspond to D-proline crystal defects.   

 Another possible explanation for the observed SSNMR peaks and exothermic 

transition for cryoground D-proline is the presence of multiple polymorphic forms.  

There are many studies that have demonstrated that sample grinding can produce a 

change in crystal form, typically to a metastable crystal form,21 but production of a more 

stable form also has been reported.28  However, these studies typically involved room-

temperature grinding.  The molecular mobility, and thus the kinetics of crystallization, at 

room temperature versus at liquid-nitrogen temperature (77 K) can have a large effect on 

the product that is produced by a grinding process.8 
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 The slower crystallization rate at liquid-nitrogen temperature potentially allows 

the production and observation of amorphous or defective crystalline material, as 

reported by Carvajal et al.8,9  However, the production of a metastable crystalline state is 

also a possibility.21  In the case of cryoground D-proline, additional studies would be 

necessary to determine whether the DSC-observed exotherm and multiple peaks in the 

SSNMR spectra correspond to the presence of crystal defects or metastable crystalline 

polymorphs.  Such studies might include 2D–exchange experiments, which could be used 

to determine possible phase separation. 

 

6.4.2 Co-cryogrinding L- and D-proline enantiomers 

 Whereas it was not possible to produce an amorphous phase by cryogrinding D-

proline alone, SSNMR indicated the production of amorphous material upon co-

cryogrinding both D- and L- enantiomers.  The ability for the two-component system to 

become amorphized is likely due in part to entropic differences between the single 

enantiomer and the two-component racemic cocrystal, where the mixing of both 

enantiomers produces a favorable increase in entropy that offsets the increase in 

enthalpy.29,30  This argument has been used to explain the amorphous solid-dispersion 

formation between polymers and small molecules.29  

 Amorphous material was produced when either DL-I or a mixture of D- and L- 

enantiomers (D+L) were cryoground, but the amount of grinding time required to 

produce the same relative amount of amorphous material differed.  When DL-I was 

cryoground for 30 min, 13C CP-MAS NMR spectra indicated only a small amount of 

residual DL-I (Figures 6.8 and 6.11).  However, when D+L was cryoground for the same 
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amount of time (30 min), a large crystalline peak was observed in the 13C CP-MAS NMR 

spectrum (Figure 6.14).  This observation likely is a reflection of the relative stability of 

the enantiopure crystals (DSC melting point at ~230ºC) versus the cocrystal DL-I (mp 

~214ºC).10  This difference in relative stability likely contributed to the amorphization 

potential of enantiopure crystals versus racemic cocrystals. 

  

6.4.3 SSNMR-observed transformation between 20 and 30ºC 

 In all samples of cryoground DL-I and D+L, VT 13C CP-MAS NMR indicated a 

significant change in peak width and chemical shift between 20 and 30ºC.  The breadth of 

the peaks before and after this transition is typically associated with the presence of an 

amorphous phase.  The first thought was that this peak shift might be associated with the 

amorphous phase transition from the glassy to the rubbery state.  However, movement 

through a glass transition (Tg) is a reversible process, and a heat-cool-heat VT SSNMR 

experiment (Figure 6.11) showed that the observed spectral changes were not reversible.  

Thus, this transition cannot be attributed to movement through the Tg. 

 The SSNMR results were compared to those obtained by DSC.  DSC 

thermograms contained an exothermic peak near the 20–30ºC temperature range.  Both 

heat-cool-heat and MDSC measurements showed that this exothermic event was 

nonreversible, suggesting that this exothermic peak might correspond to the 

nonreversible transition observed by VT SSNMR.  Exotherms are often indicative of 

recrystallization events.  The apparent decrease in SSNMR peak width, as well as the 

observed exotherm in the DSC thermogram, could potentially be explained by 

recrystallization of defective crystals.9  Carvajal and coworkers have demonstrated that 
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recrystallization of griseofulvin crystal defects are independent of amorphous 

crystallization events, so the initial breadth of the SSNMR peaks (<20ºC) could arise 

from the presence of defects and amorphous material, while the broad peaks above the 

20ºC transition might be attributed solely to an amorphous phase.  However, if 

recrystallization of defects is the cause for the observed decrease in SSNMR peak width, 

a corresponding increase in the peak intensities of crystalline components should be 

observed.  No such changes were observed in the SSNMR spectra following the 20–30ºC 

transition.  Thus, it is unlikely that this event corresponds to crystallization of defective 

crystals. 

 The exact nature of this peak shift is unclear, as this type of observation has not 

been reported previously.  It is possible that multiple phases of amorphous material (i.e., 

an enantiopure amorphous phase and a separate amorphous phase containing both 

enantiomers) existed below 20ºC and transformed into a single phase above this 

temperature.  However, this is unlikely due to the fact that the transition was observed in 

both cryoground DL-I and mixtures of D- and L-proline.  Although amorphous phase 

separation might be anticipated upon co-grinding a mixture of D- and L-proline, it would 

not be anticipated for cryoground DL-I, which exists as a single crystalline phase even 

prior to grinding.  Yet in both samples of cryoground DL-I and cryoground D+L, the 

same broad–broad peak transition was observed during VT SSNMR.  Perhaps a more 

feasible explanation is that, below 20ºC, the enantiomers are mixed together somewhat 

randomly.  However, above 20º, the opposite enantiomers acquire sufficient mobility to 

pair with each other to form DL-proline dimers.  This dimerization would be expected to 

reduce the distribution of molecular conformations, which would produce a decrease in 
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SSNMR peak width.  However, the dimers would potentially still be disordered relative 

to one another, causing the SSNMR peaks to remain relatively broad. 

 This broad–broad peak transition highlights the need to understand the nature of 

the material that gives rise to broad peaks within the SSNMR spectrum.  Unlike 

diffraction methods, by which decreases in material crystallinity give rise to 

progressively broader and less intense peaks, the peaks in the SSNMR spectrum are not 

greatly affected by such changes.  A material may appear completely amorphous by 

PXRD (termed PXRD-amorphous), but crystalline by SSNMR.  Although the SSNMR 

peaks become very broad upon amorphization of a material, the exact “degree of 

crystallinity” at which the broad amorphous peaks are observed in SSNMR is still 

unclear.  This is an area of current research in the Munson Lab. 

 

6.4.4 DL-I versus DL-II 

 Cryogrinding DL-I or D+L resulted in SSNMR-observed amorphous material.  

Regardless of the starting material, the 13C CP-MAS NMR peaks associated with the 

amorphous materials were located at the same chemical shift and possessed the same 

shape.  However, upon heating the samples, the crystallization products differed.  When 

DL-I was amorphized, DL-I was the crystalline product (Figures 6.8 and 6.11), which is 

not surprising due to the presence of DL-I seed crystals.26  On the other hand, when D+L 

mixtures were cryoground, DL-II was the crystalline product (Figures 6.14 and 6.16).  

Because residual enantiopure D- and L-proline crystals were always observed following 

the cryogrinding of D+L, these crystals could have acted as seeds for crystallization of 

the amorphous phase into DL-II (i.e., heteronucleation).  To better understand the 
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potential role of seeding in this system, the grinding time should be increased to 

completely amorphize both DL-I and D+L materials, and the effect of cross seeding the 

amorphous-phase–containing materials using both DL-I and DL-II crystals should be 

studied. 

 An alternative explanation to the observed crystallization of DL-I versus DL-II 

involves mixing homogeneity in the cryoground samples.  In previous chapters, it was 

noted that DL-I formed whenever an equimolar amount of D- and L-proline molecules 

were homogeneously distributed and able to crystallize rapidly in the solid state.  This is 

the same type of situation observed for cryogrinding DL-I.  Upon amorphizing a DL 

cocrystal, the resulting amorphous phase is expected to contain a homogeneous 

distribution of both enantiomers within the amorphous phase.  This allows 1) DL pairs to 

form and 2) DL pairs to pack together to form the DL crystal lattice with relatively little 

translational movement.  The overall crystallization process could therefore take place 

quickly, resulting in the kinetic product DL-I, as observed by VT SSNMR.  On the other 

hand, the presence of an inhomogeneous distribution of D- and L-proline enantiomers 

within the amorphous material would slow the crystallization of the DL lattice and 

preferentially produce the thermodynamic product (DL-II) over the kinetic product (DL-

I).  Based on this reasoning, it is expected that cryogrinding an equimolar physical 

mixture of enantiopure D- and L-proline could produce either DL-I or DL-II, depending 

on the degree of mixing that is achieved by the cryogrinding process.  A short 

cryogrinding method would produce inhomogeneous distributions of the enantiomers, 

leading to DL-II formation, whereas longer grinding periods would produce a 

homogeneous distribution of enantiomers, leading to DL-I formation.  This mechanism of 
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DL-I versus DL-II crystallization among cryoground samples requires support from 

additional studies. 

 

6.4.5 SSNMR versus PXRD and DSC analyses 

 During these studies, cryoground materials were analyzed by VT SSNMR, 

PXRD, and DSC.  It became apparent that the environmental conditions and the kinetics 

associated with variable-temperature analyses had a significant effect on the results. 

 It was demonstrated in Chapter 5 that the presence of ambient water vapor had a 

strong effect on the crystallization of lyophilized proline.  In those studies, environmental 

control during PXRD analysis was possible.  In contrast, PXRD analysis of cryoground 

materials was limited to ambient conditions.  Although extra steps were taken to 

minimize exposure of the cryoground material to ambient conditions, the material 

changed relatively rapidly under these conditions (i.e. from a combination of enantiopure 

crystals and an amorphous phase to highly crystalline DL-II in <3 min, Figure 6.17).  

Due to the potential effect of both uncontrolled sample temperature and water content on 

the crystallization process of the PXRD samples, a direct comparison between PXRD- 

and SSNMR-observed results is not possible.  However, the PXRD results are helpful in 

that they demonstrate the instability of the cryoground proline material and that the 

crystallization products under ambient conditions can differ substantially from those 

observed by DSC and VT SSNMR. 

 Unlike SSNMR and PXRD, DSC analysis is not considered an identification 

method.22  However, it does provide information about energetic changes associated with 

physical and chemical transformations.  Comparison of DSC results (thermal 
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information) to VT SSNMR analysis (spectroscopic identification) can potentially be 

very helpful in characterizing temperature-dependent physical transformations of a 

system.  However, the kinetics associated with data collection by these two methods is 

very different.  The literature contains many examples of systems in which the pathways 

of crystallization or the final crystallization product differed greatly when heated at 

different rates.6,22  This means that the heating rate can affect the temperature at which 

transitions occur, or even whether or not a particular transition is observed.  The standard 

DSC method employed in these studies consisted of a 10ºC/min ramp, and the total 

analysis time was <30 min for each sample.  In contrast, 13C CP-MAS NMR spectral 

acquisitions took over an hour at each temperature step, and the total analysis often took 

place over multiple days.  Although VT SSNMR and DSC are very complementary 

techniques, the large difference in heating kinetics associated with these two methods 

means that care should be taken when comparing the thermal and spectroscopic data. 

 

6.4.6 Temperature dependence of chemical shifts 

 VT SSNMR has been used to study changes in physical form as a function of 

temperature,31 as well as to study the mobility of a solid system,32,33 but taking advantage 

of this temperature dependence as a method for resolving peaks in a spectrum or for 

identifying polymorphs has not been reported.  As shown in Figures 6.3 and 6.4, the 13C 

CP-MAS NMR peaks for proline varied significantly (by as much as 1 ppm) over the 

temperature range of -20 to 200ºC.  In cases where peak overlap or poor resolution is an 

issue, varying the temperature may be a feasible option for mitigating the problem.  Of 

course, this method is only practical for thermally stable samples.31  Additionally, the 
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observation that different shifts were observed for different crystal structures suggests 

that this could be another method for identifying polymorphic forms.  Although two 

similar crystal forms may possess similar peaks, they might not possess the exact same 

thermal expansion/contraction behavior. 

 It is also important to note that the use of NMR to elucidate crystal structures has 

been of great interest.34  However, whereas most X-ray–determined crystal structures are 

acquired at very low temperatures, NMR experiments and PXRD diffraction patterns are 

typically performed at room temperature.18  These temperature discrepancies may make 

direct comparisons problematic.  The temperature dependence of SSNMR chemical shifts 

has implications for current NMR crystallography studies, including the ability to 

calculate chemical shifts for solid materials.34  

 

6.5 Conclusion 

 Proline samples of three different compositions were cryoground: enantiopure D-

proline, DL-proline form I, and an equimolar physical mixture of D- and L-proline 

(D+L).  Use of a variable temperature 13C CP-MAS NMR system at low temperatures 

allowed stabilization and analysis of metastable forms, including an amorphous phase, 

that were produced upon cryogrinding the proline samples.  Sample temperatures were 

varied step-wise during analysis in order to identify thermal transitions within the 

samples, and these were compared to corresponding DSC analyses. 

 D-proline could not be amorphized, even after 60 min of cryogrinding.  However, 

cryogrinding either DL-I or an equimolar mixture of both enantiomers together (D+L) for 

30 min did produce an amorphous phase that was observable by SSNMR.  The 
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crystallization of cryoground DL-I and cryoground D+L produced DL-I and DL-II 

respectively.  These results suggest the nucleation of amorphous material by seeding.  

However, another possible explanation involves the potential influence of mixing 

homogeneity on the crystallization process, where the metastable DL-I is the major 

crystal product when both enantiomers are homogeneously distributed, allowing for rapid 

crystallization of the cocrystal.  This is in contrast to an inhomogeneous distribution of 

the enantiomers, which results in slower crystallization kinetics, therein allowing the 

thermodynamically stable form, DL-II, to crystallize as the major product. 
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7.1 Summary 

 Chiral molecules are prevalent among currently marketed pharmaceutical 

products, many of which are solid formulations.  The challenges associated with 

producing and characterizing chiral small molecules in the solid state are not trivial.  

Understanding the solid forms that exist for a chiral (or nonchiral) drug molecule is 

critical to ensure product performance and safety, as the solid-state form of a drug can 

have a dramatic effect on its solubility, dissolution rate (and therefore bioavailability), 

physical stability, and interaction with excipients.  Analysis of these systems typically 

requires the application of several analytical techniques, one or two of which may be 

particularly helpful.  In this thesis work, solid-state NMR spectroscopy (SSNMR) was 

found to be a particularly powerful method for characterizing proline enantiomers in the 

solid state.  Several of the major conclusions of the work in this dissertation are 

summarized below. 

 

7.1.1 Crystallization of proline enantiomers (Chapter 3) 

 Using SSNMR, we evaluated the differences in crystal forms of proline that 

resulted from changes in enantiomeric ratio and crystallization conditions.  Various ratios 

of D- and L-proline (0–50% L-proline with 100–50% D-proline) were crystallized from 

aqueous solution and by lyophilization, spray drying, and cryogrinding. 

 A racemic cocrystal (DL-proline) is the thermodynamically favored product upon 

concurrent crystallization of both D- and L-proline, and any excess enantiomer 
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crystallizes separately in an enantiopure crystal lattice.  Only one form of the racemic 

cocrystal (denoted DL-I) had been reported previously. 

 In our studies, concurrent crystallization of D- and L-proline from aqueous 

solution always resulted in mixtures of DL-I and enantiopure proline.  However, 

preparation by other methods resulted in several additional crystalline forms, including 

two previously unreported polymorphs, termed DL-II and III.  DL-III was found to be 

metastable to the previously reported form (DL-I), and DL-II was determined to be more 

thermodynamically stable than DL-I above room temperature.  Additional studies were 

performed in order to understand the formation of this more thermodynamically stable 

form, DL-II. 

 

7.1.2 Formation of DL-I versus DL-II (Chapters 3 and 5) 

 Although DL-II was shown to be more thermodynamically stable than DL-I, the 

kinetic stability of DL-I was very high.  This allowed DL-I to remain the dominant 

crystal form in the bulk material, even in the presence of DL-II seed crystals. 

 Whereas DL-I was the major product upon crystallization from solution, DL-II 

was the predominant form when samples were prepared by lyophilizing nonequimolar 

mixtures of D- and L-proline enantiomers.  The hypothesized explanation for the 

preferential crystallization of DL-II versus DL-I involved: 1) the molecular mobility 

associated with a given crystallization process and 2) the degree of molecular translation 

necessary to create a racemic cocrystal lattice structure.   

 In solution, there is a high degree of molecular mobility that allows D and L 

molecules to pair with one another and then pack to form the DL lattice.  On the other 
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hand, in the lyophilization method, the proline molecules are “frozen” in the ice lattice.  

As the water molecules are removed by sublimation, the proline molecules, now in the 

solid state, are left behind.  Molecular mobility is greatly restricted in a solid as compared 

to in solution, resulting in a large reduction in the translational motion associated with 

pairing of D and L molecules.  

 When an equimolar ratio of the two proline enantiomers is present, assuming that 

D and L molecules are homogeneously distributed throughout the solution prior to 

freezing, the probability of finding a D and an L molecule neighboring each other is quite 

high.  This means that forming the hetero-enantiomeric pair (and others around it) to 

create the DL lattice requires little translational motion.  In contrast, at lower 

concentrations of L-proline (e.g., 25% L-proline), the translational movement necessary 

to form a DL crystal lattice becomes much greater. 

 At the 25% L-proline level, a homogeneous distribution of D and L molecules 

means that every L molecule is likely very close to a D molecule.  As a result, upon 

solidification, the formation of DL pairs does not require much translational motion.  

That said, these DL pairs are physically separated from each other by the presence of the 

excess D molecules, and translational motion is necessary for DL pairs to pack together 

to form the crystal lattice.  Growth of the crystal lattice is therefore inhibited.  By slowing 

down the crystallization process, it is possible to form the thermodynamically stable 

crystal form (DL-II), not just the kinetically favorable form (DL-I). 

 This hypothesis was supported by observation of a possible intermediate, 

“frustrated” state, in which the racemic cocrystal DL-pairs and D-proline molecules could 

not completely separate from one another in order to form their own thermodynamically 
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stable crystal lattices.  This “frustrated” state was observed when lyophilized proline 

samples were maintained in low-RH conditions through the use of dry nitrogen, but 

exposure to either ambient water vapor or elevated temperature increased molecular 

mobility sufficiently to facilitate crystallization to more thermodynamically stable D and 

DL crystal forms. 

 

7.1.3 Observation of L-proline chiral defects (Chapters 3 and 4) 

 In order to detect low levels of proline crystal forms, a spectral-subtraction 

method was applied to the proline system.  This method provided sufficient sensitivity 

and selectivity as to observe and quantitate L-proline molecules that were kinetically 

trapped, substitutional chiral defects within the D-proline crystal lattice.  Previous studies 

have investigated chiral defects, but no direct observations of these defects have been 

made.1,2  We provided support for the observation of L-proline chiral defects in the host 

crystal lattice of D-proline through use of SSNMR methods (including relaxation 

measurements) and by assessing thermal and RH stability of the defects.  The amount of 

this L-proline chiral defect was quantitated in lyophilized samples and found to exist up 

to a 1.4% level in the D-proline host crystal.  This is the first direct solid-state 

observation and quantitation of chiral defects incorporated into a three-dimensional 

crystal lattice of an enantiopure system.3,4 

 

7.1.4 Crystallization of amorphous proline (Chapter 6) 

 Crystallization of proline enantiomers from an amorphous phase also was 

investigated.  Proline samples of three different compositions were cryoground: 
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enantiopure D-proline, DL-I, and an equimolar physical mixture of D- and L-proline 

(D+L).  Low-temperature SSNMR analysis allowed for stabilization and analysis of 

metastable forms, including an amorphous phase, that were produced upon cryogrinding 

the proline samples.  After an initial spectral acquisition at low temperature, sample 

temperatures were increased in order to identify thermal transitions within the samples, 

and the observed transitions were compared to corresponding DSC analyses. 

 D-proline could not be amorphized, even after 60 min of cryogrinding.  However, 

cryogrinding either DL-I or D+L for 30 min resulted in partial amorphization.  The 

crystallization of cryoground DL-I and cryoground D+L produced DL-I and DL-II 

respectively.  Residual crystalline material in each sample likely seeded the amorphous 

phase to produce the observed differences in polymorphism upon crystallization.  

However, another possible explanation involves the potential influence of mixing 

homogeneity on the crystallization process, where the metastable DL-I is the major 

crystal product when both enantiomers are homogeneously distributed, allowing for rapid 

crystallization of the cocrystal.  This is in contrast to an inhomogeneous distribution of 

the enantiomers, which results in slower crystallization kinetics, therein allowing the 

thermodynamically stable form, DL-II, to crystallize as the major product.  Further study 

is necessary to elucidate this possible mechanism and determine the effect of seeding on 

the crystallization of amorphous material in this system. 

 

7.1.5 Conclusion 

 Crystallization of L-proline with D-proline in various ratios with different 

crystallization methods produced multiple crystalline forms, including new polymorphs 
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and chiral defects.  SSNMR was highly suited for investigating proline enantiomers in the 

solid state.  Different solid forms, including crystal defects and amorphous material, gave 

rise to different peaks in SSNMR spectra.  Additionally, isotopic labeling, combined with 

spectral subtraction, allowed for identification and relative quantitation of the various 

forms under a wide range of enantiomeric ratios.  Phase separation among these forms 

was confirmed by 1H T1 relaxation measurements, and 2D-SSNMR experiments possess 

the potential to provide structural information in future studies. 

 

7.2 Suggestions for future work 

7.2.1 Proline 

 The work reported in this thesis is the first work to characterize proline 

enantiomers in the solid state.  As outlined previously (§ 3.1.2), proline possessed many 

favorable properties for SSNMR experiments, and it proved to be an interesting and 

complex system with many different solid forms. 

 Additional studies of the proline system are of interest and were noted at various 

points throughout this work.  These studies include: 

  Lyophilizing proline enantiomers with a polymer.  Our hypothesis for the 

production of DL-II versus DL-I was based on the idea that the enantiomeric 

excess slowed the crystallization process and allowed crystallization of the 

more thermodynamically favored product (DL-II) versus the kinetic product 

(DL-I).  If this is indeed the case, then the presence of a polymer should also 

“frustrate”/slow the crystallization process and result in the formation of DL-

II as the major product. 
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  Additional cryogrinding experiments should be performed to complement 

the studies that used lyophilization as a preparation method.  Understanding 

the effect of enantiomeric ratio and cryogrinding time on the amorphization 

and crystallization process is of interest due to its potential to produce 

additional solid forms of proline. 

  Perhaps of greatest interest is further characterization of amorphized 

cocrystals.  As mentioned in Chapter 6, the production of cocrystals by 

grinding has garnered attention recently as a rapid method for producing 

cocrystals during the solid-form screening/drug development process.6  

Studies have demonstrated that this type of cocrystal formation can occur 

through an intermediate amorphous phase.  Although this type of amorphous 

phase has been observed, including in this thesis work, this state has not been 

fully characterized (i.e., What homo- and hetero-intermolecular interactions 

exist within these systems?  How important is the mixing homogeneity of the 

two components during the cocrystallization process?).  This lack of 

understanding was highlighted by our cryogrinding studies, in which a 

transition was observed (by VT SSNMR) between 20 and 30ºC among 

cryoground DL-proline samples.  This transition, which appeared to be an 

amorphous–amorphous transition due to the broad peak shapes in the 13C CP-

MAS NMR spectrum, could not be definitively identified.  Understanding 

such systems is highly relevant for the production of future pharmaceutical 

solids, which increasingly include cocrystals due to favorable 

pharmaceutically relevant properties.7 
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7.2.2 Future model chiral compound: Pseudoephedrine 

 Pseudoephedrine has been proposed as a future model chiral compound due to its 

pharmaceutical relevance and the presence of two chiral centers within its structure, 

which leads to the existence of both enantiomers and diastereomers.  Initial experiments 

using the free base form of pseudoephedrine (PE) indicated that its high vapor pressure 

led to sample changes.  Figure 7.1 shows that an equimolar mixture of (+)- and (-)-PE 

(free base) transformed via sublimation of the individual enantiomers and subsequent 

crystallization of the racemic cocrystal during SSNMR analysis.  In order to overcome 

this unacceptable instability, we converted the free base to the hydrochloride salt. 

 The hydrochloride salt form was relatively easy to prepare and possessed several 

desirable properties.  By converting the compound to the HCl salt, the sublimation 

tendency of the compound was greatly reduced.  This is demonstrated in Figure 7.2, 

which shows TGA analysis of PE free base versus the HCl salt, where the weight loss 

due to sublimation is plotted as a function of time during an isothermal hold at 150ºC.  

Whereas the free base completely sublimed within 25 min, the HCl salt only lost ~2.3% 

over 2 hr at this elevated temperature.  Additionally, as shown in Figures 7.3 and 7.4, 

DSC and SSNMR analyses indicated that PE HCl forms a racemic cocrystal when 

crystallized from aqueous solution, similar to proline.  This makes it a good model for 

following up the proline work. 

 Unfortunately, despite the increased stability relative to the free base, the HCl salt 

still lacked sufficient stability against sublimation.  Lyophilization of the enantiopure 

form resulted in a 100% yield.  However, lyophilization of the racemic cocrystal yielded 

~50%, indicating that 50% of the product sublimed during the preparation 
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Figure 7.1.  13C CP-MAS NMR spectra of enantiopure and racemic pseudoephedrine free 
base (dashed) and a lightly ground equimolar mixture of (+)- and (-)-pseudoephedrine, 
analyzed over time in the instrument. 
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Figure 7.2.  Thermogravimetric analysis, demonstrating weight loss due to sublimation 
of pseudoephedrine free base versus the hydrochloride salt during an isothermal hold at 
150ºC. 



 268 

 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 7.3.  DSC thermograms of pseudoephedrine HCl samples containing various 
enantiomeric ratios, crystallized from aqueous solution. 
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Figure 7.4.  13C CP-MAS NMR spectra of pseudoephedrine HCl samples prepared with 
various enantiomeric ratios by crystallization from aqueous solution. 
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method, which uses low pressure to sublime frozen water.  This means that 

lyophilization, and likely spray drying, are not feasible preparation methods for PE HCl.  

Because these methods were shown to be very useful in preparing proline samples, we 

wish to continue using them for the preparation of other enantiomeric systems.  Thus, the 

PE model would require conversion to a more stable salt form before it could be used as a 

proper model in future studies. 

 

7.2.3 Crystal defects, nanocrystals, and amorphous materials 

 As illustrated by the observation of L-proline chiral defects in the D-proline host 

lattice, the sensitivity of SSNMR to the electronic environment of a molecule makes it a 

very good tool for studying crystal defects.  One of the interesting questions about chiral 

defects is their potential to affect physicochemical stability of the host crystal lattice.  

Aspartyl phenylalanine is a potential model, as its thermal lability might make it a good 

model for studying the effect of defect site inclusion on changes in chemical stability. 

 In addition to future studies of chiral defects, mechanically induced crystal defects 

(i.e., defects caused by grinding) are also of interest.  A great deal of research has been 

focused on detecting and distinguishing crystal defects, nanocrystals, and amorphous 

materials.5,8-10  These high-energy sites/forms can be produced unintentionally during 

common pharmaceutical processing techniques and can negatively affect product 

performance.10  Thus there is a need for analytical tools that are capable of detecting and 

characterizing these systems.  Due to the unique ability for SSNMR to identify 

components within a mixture, quantitate, and provide information about the structure and 

mobility within a system, it will no doubt be a valuable tool for analyzing such systems. 
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7.3 Implications of this work 

 This thesis work has significant implications for the development of 

pharmaceutical solids.  Upon discovering a new active pharmaceutical compound, it is 

necessary to identify and characterize solid forms of that molecule in order to determine 

which form should be used in the final product.  This requires intensive solid-

form/polymorphic screening. 

 Whereas typical polymorphic screening assays involve crystallizing from various 

solvents, we used lyophilization, spray drying, and cryogrinding in our studies.  These 

nontraditional crystallization methods produced high-energy solid forms (e.g., defects, 

amorphous material, metastable polymorphs) and also a more thermodynamically stable 

cocrystal polymorph that had not previously been reported.  Due to the ability for 

common pharmaceutical processing techniques to accidentally cause changes in physical 

form,10 it is essential to understand the potential for producing such forms as well as their 

possible effects on product performance.  This idea is highlighted by the “quality by 

design” FDA imperative, which states that “quality should be built into a product with a 

thorough understanding of the product and process by which it is developed and 

manufactured along with a knowledge of the risks involved in manufacturing the product 

and how best to mitigate those risks.” 

 Additionally, as we demonstrated in the proline system, the presence of the 

opposite enantiomer altered crystallization kinetics in the system, therein affecting the 

crystal product.  Because of the prevalence of enantiopure pharmaceutical compounds, 

this type of “chiral doping” scheme is highly relevant to the polymorphic screening 
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process that occurs during the development of new pharmaceuticals, as it may produce 

forms that would not be observed during normal screening methods. 

 Not only is the production of new crystal forms very important, but also the 

detection of such forms is key.  In this work, we demonstrated the ability for SSNMR to 

be applied to enantiomeric systems and toward the characterization of solids in general.  

Its ability to detect and quantitate the presence of different polymorphic forms, 

cocrystals, amorphous material, and even crystal defects makes it very useful in 

understanding physicochemical properties of a material (e.g., an increased dissolution 

rate may be attributed to the presence of defects versus the presence of amorphous 

material).  Additionally, its ability to assess molecular mobility (relaxation 

measurements) and provide structural information (1D and 2D SSNMR experiments) 

make it especially valuable for characterizing solid systems in which traditional structural 

elucidation techniques (i.e., X-ray diffraction methods) cannot be applied. 
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A.1 Introduction 

 The purpose of this work was to characterize the dehydration of thiamine 

hydrochloride crystals using complementary structural and spectroscopic analyses.  Only 

solid-state NMR analysis is reported here.  Please refer to relevant publications (§ A.1.1) 

for additional details. 

 

A.1.1 Relevant publications 

Chakravarty, P.; Berendt, R.T.; Munson, E.J.; Young, V.G.; Govindarajan, R.; 

Suryanarayanan, R. 2010. Insights into the dehydration behavior of thiamine 

hydrochloride (vitamin B1) hydrates: Part I.  J. Pharm. Sci. 99(2), 816-827. 

 

Chakravarty, P.; Berendt, R.T.; Munson, E.J.; Young, V.G.; Govindarajan, R.; 

Suryanarayanan, R. 2010. Insights into the dehydration behavior of thiamine 

hydrochloride (vitamin B1) hydrates: Part II.  J. Pharm. Sci. 99(4), 1882-1895. 

 

A.1.2 Pharmaceutical hydrates 

 Crystalline hydrates are relatively common among pharmaceutical compounds.1  

The hydrated and anhydrous states of a particular compound may possess significantly 

different physicochemical properties (e.g., solubility, dissolution rate/bioavailability, 

stability).2,3  This means that changes in the hydration state of a pharmaceutical 

compound can significantly alter product performance.  Figure A.1. demonstrates some 

of the possible changes that can occur upon dehydration of a crystal lattice: 1) the lattice 

collapses, resulting in amorphous or disordered crystalline material, which can be 
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Figure A.1.  Potential effects of dehydration: 1) Lattice collapse and formation of 
amorphous material, 2) reduced chemical stability, and 3) reduced physical stability, 
leading to formation of a different crystal form. 
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chemically and physically less stable than the parent material; 2) the lattice structure is 

unaltered, but the empty channels may result in decreased chemical stability, due to the 

ability for reactants, such as oxygen, to enter the crystal lattice; or 3) the lattice packing 

may be altered, resulting in a crystal structure that may possess different physicochemical 

properties than the parent hydrate crystal. 

 The active pharmaceutical compound/product is exposed to a range of 

temperatures and water vapor pressures during pharmaceutical manufacturing processes 

and subsequent storage.  The physical stability of a hydrate and its propensity to 

dehydrate are dictated by the temperature and water vapor pressure.  Because of this, it is 

important to understand the dehydration behavior of pharmaceutical hydrates. 

 

A.1.3 Stoichiometric versus nonstoichiometric hydrates 

 Hydrates are a specific type of multiple-component crystal in which the ratio of 

the active pharmaceutical ingredient and water molecules can be either stoichiometric 

(e.g., monohydrate, 1:1 ratio) or nonstoichiometric (e.g., channel hydrate, where water 

content varies as a function of the environmental % RH).  Figure A.2 shows examples of 

stoichiometric and nonstoichiometric hydrates and illustrates the effect of % RH on the 

hydration state of each. 

 Thiamine hydrochloride (THCl) can exist as both a nonstoichiometric hydrate 

(NSH, 0 to ~1 mole water) and a hemihydrate (HH, 0.5 mole water per mole THCl).  13C 

CP-MAS NMR spectra of the NSH, HH, and anhydrous (ID) crystal forms are shown in 

Figure A.3.  In order to understand the dehydration behavior of NSH and HH, these 

crystal forms were analyzed by solid-state NMR spectroscopy. 
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Figure A.2.  Stoichiometric versus nonstoichiometric hydrates. 
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Figure A.3.  13C CP-MAS NMR spectra of thiamine hydrochloride nonstoichiometric 
hydrate (NSH), isomorphic desolvate (ID), and hemihydrate (HH) crystal forms. 
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A.2 Experimental 

A.2.1 Materials 

 Bulk THCl was purchased from Sigma-Aldrich (St. Louis, MO) and determined 

to be a nonstoichiometric hydrate (NSH).   

 

A.2.2 Sample preparation 

 Nonstoichiometric hydrate (NSH).  NSH samples of intermediate water content 

were prepared by dehydrating NSH (~1 mole water) at 50ºC under ambient pressure and 

were then packed into zirconia rotors with Teflon® end caps.  ID was prepared by 

heating NSH over anhydrous CaSO4 at 40ºC.  For the VT SSNMR experiment, a sample 

was prepared by mixing NSH and ID in a 1:1 (w/w) ratio and equilibrating the mixture at 

50ºC for 12 hr within a zirconia rotor sealed with ribbed Kel-F® end caps.  The water 

contents of all samples were determined before and after SSNMR analysis by 

thermogravimetric analysis (Q50 TGA, TA Instruments). 

 Hemihydrate (HH).  HH was obtained by suspending NSH in water for ~12 hr, 

followed by drying at 40ºC for ~4 hr. 

 HH2: Dehydration of HH by thermal treatment.  HH decomposition was observed 

when heated to temperatures >120ºC,4 so dehydration was attempted at temperatures 

<100ºC under reduced pressure.  HH was dried at 60ºC in a bench top freeze dryer 

(Unitop 400L, Virtis, Gardiner, NY, USA) under reduced pressure (20–60 mtorr) for 7 

days.  This product phase will be referred to as HH2.  A sample of HH also was subjected 

to forced degradation by storing at 180ºC for 4 hr and analyzed by SSNMR. 
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 Cryogrinding THCl.  Amorphous thiamine hydrochloride was obtained by 

cryogrinding HH or ID in a Freezer/Mill (SPEX 6750, SPEX CertiPrep, Metuchen, NJ).  

The total milling time was 60 min.  This was done in 30 cycles; each cycle consisted of 2 

min of grinding followed by a 2-min rest interval.  Amorphous–crystalline physical 

mixtures were prepared by physically mixing 5–50% (w/w) cryoground ID with HH.  

Unless otherwise noted, samples were prepared and packed into zirconia rotors in a dry 

nitrogen glove box.  Where applicable, the water content of samples was determined by 

KFT before and after SSNMR analysis. 

 

A.2.3 Solid-state NMR spectroscopy 

 13C spectra were acquired at 75 MHz (Tecmag Apollo HF-3 and Chemagnetics 

CMX-300 spectrometers), and at 100 MHz (Infinity-400 spectrometer).  All the 

instruments used a double-resonance probe fitted with a 7-mm spinning module 

(Revolution NMR, Fort Collins, CO) and approximately 3.0 µs 1H 90º pulse durations.  

Pulse sequences included ramped-amplitude cross polarization,5,6 total sideband 

suppression (TOSS),7 and SPINAL64 decoupling.8  Acquisition parameters included 4 

kHz MAS,9 a contact time of 1.5 ms, and pulse delays at least 1.5 times the 1H T1 value 

of each sample.  The 1H relaxation measurements were performed using a saturation–

recovery pulse sequence, and T1 values were calculated using KaleidaGraph (Synergy, 

version 4.01) with the equation y = amp(1-exp(-τ/T1), where y is the integrated signal 

intensity, amp is the amplitude constant, τ is saturation–recovery time, and T1 is the spin–

lattice relaxation time. 3-methylglutaric acid (MGA) was used to optimize the 

spectrometer settings as well as to set the reference.10  For ambient temperature (~20ºC) 
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experiments, a double-resonance probe fitted with a 7-mm spinning module (Revolution 

NMR, Fort Collins, CO) was used with a 3.1-µs 1H 90º pulse duration.  Variable-

temperature SSNMR was performed with a double-resonance probe fitted with a 7.5-mm 

spin module (Varian, Palo Alto, CA) using a 3.9-µs 1H 90º pulse duration.  Lead nitrate 

was used for temperature calibration.11  Strict quantitation methods were not used to 

collect spectra of amorphous–crystalline physical mixtures; however, the same 

acquisition and processing parameters, including contact time, pulse delay, acquisition 

length, and 30 Hz of exponential line broadening, were used for all samples. 

 

A.3 Results: Characterization of the nonstoichiometric hydrate (NSH) 

A.3.1 Dehydration of NSH 

 Figure A.4 shows 13C CP-MAS NMR spectra of NSH at three levels of hydration.  

There is only one peak per carbon in each spectrum, indicating that there is one 

inequivalent site per unit cell, in agreement with the single-crystal structure data.  Peak 

assignments are shown above each peak.4  The peaks moved downfield and changed line 

width at lower water contents.  The line width reached a maximum breadth at ~0.4 moles 

water, followed by narrowing as further dehydration occurred.   

Figure A.5 highlights the most pronounced spectral changes upon water loss.  The 

largest changes were observed in the carbon atoms closest to the water molecule in the 

crystal lattice – the β, α, 5, and 4-CH3 carbons.  All of the individual peaks (Figure A.5a) 

have been scaled to the same intensity.  The changes in chemical shift and line width of 

these peaks were plotted as a function of the lattice water content in Figures A.5b and c 

respectively.  The gradual peak shifts indicate that the NSH lattice exists as a continuum, 
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Figure A.4.  13C CP-MAS NMR spectra of THCl NSH at various stages of dehydration 
(0.90–0.04 moles water).  Only a few representative spectra are shown.  Adapted from 
Chakravarty et al.12 
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Figure A.5.  13C CP-MAS NMR spectra of NSH in partially dehydrated states.  a) 
Expanded spectral regions of the 5-, β-, α-, and 4-CH3- carbon peaks at water contents of 
0.90, 0.41, and 0.04 moles.  Plots of the change in b) chemical shift and c) line width as a 
function of water content (0.90–0.04 moles).  Adapted from Chakravarty et al.12 
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rather than a mixture of discrete hydrated and dehydrated crystalline phases.  If two 

phases existed, multiple peaks would have been observed (vide infra).  Changes in line 

width suggest the presence of disorder – either dynamic or static – when the lattice is 

partially dehydrated (Figure A.6).  Dynamic disorder would exist if the observed broad 

SSNMR peaks represent an average state that appears due to the constant movement of 

water in the lattice so that changes in conformation between the hydrated and dehydrated 

states occur too rapidly to be observed as separate peaks in the SSNMR spectrum (Figure 

A.7).  Alternatively, the line broadening could be due to static disorder, in which 

molecules in the lattice are conformationally disordered within a specific molecular 

conformation range between that of the hydrated and dehydrated crystalline states (Figure 

A.7).  Both dynamic and static disorder models could be consistent with the results from 

other techniques.  These spectra demonstrate that the hydration state of this system exists 

in a continuum that contains either dynamic or static disorder. 

Figure A.8 is a plot of 1H T1 relaxation times as a function of hydration state.  

Relaxation times decreased gradually from ~15 seconds (NSH, 0.9 moles water) to ~2 

seconds (0.04 moles water), indicating increased mobility as the water content decreased.  

The dashed line in the plot is the theoretical relaxation curve for a dynamic two-state 

model.  The curve is based on the idea that the observed relaxation time actually 

represents a combined relaxation of two different sites that are located within a single 

phase (i.e., intimately mixed).  It was created using the known relaxation times at the 0.90 

and 0.04 moles hydration states.  For example, at a 0.50 moles hydration state, 50% of 

the thiamine molecules are in the hydrated state (~15 sec 1H T1), and 50% are in the 

dehydrated state (~2 sec).  Since relaxation is exponential, the observed relaxation time 
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Figure A.6.  Theoretical illustration of dynamic versus static disorder during dehydration 
of a hydrate. 



 287 

 
 
 
 
 
 
 
 
 
 

 
 
 
Figure A.7.  Theoretical illustration of dynamic versus static disorder during dehydration 
of a hydrate, as observed by SSNMR. 
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Figure A.8.  Plot of NSH 1H T1 spin–lattice relaxation time (seconds) as a function of 
water content.  Solid line represents 1H T1 values calculated from experimental data, and 
error bars indicate error associate with the calculations.  Dashed curve represents the 
theoretical relaxation for a two-site model.  Decreased relaxation time indicates an 
increase in lattice mobility.  Adapted from Chakravarty et al.12 
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for the 0.5 moles hydration state is biased toward the lower relaxation time.  In this case, 

the theoretical relaxation time would be ~6 sec.  The two-site dynamic model agrees very 

well with the experimental relaxation times.  However, it is possible for a static-disorder 

model to fit the experimental data as well.  The 1H T1 data are consistent with the 

presence of either static or dynamic disorder in a continuum. 

 

A.3.2 Variable-temperature SSNMR of NSH 

Figure A.9 shows variable-temperature 13C CP-MAS NMR spectra that were 

collected to distinguish between static and dynamic disorder in the partially dehydrated 

NSH system.  Due to the temperature dependence of molecular motion, changes in 

temperature should have a pronounced effect on a system with dynamic disorder, with 

little to no effect on a sample with static disorder.  The sample was a 1:1 (w/w) physical 

mixture of NSH:ID (overall water content of 0.42 moles).  A spectrum of the non-

equilibrated physical mixture was obtained at 20ºC (not shown). Two peaks for several of 

the carbons were present in the spectrum, corresponding to a mixture of separate hydrated 

and dehydrated phases.  The temperature was increased to 50ºC, at which point spectra 

were acquired every hour until equilibration was complete (~12 hr), as indicated by 

coalescence of fully hydrated and fully dehydrated peaks into a single peak for each 

carbon (not shown).  Immediately following equilibration, 13C spectra of the sample were 

acquired in the temperature range of 100 to -80ºC (Figure A.9, collected in the following 

order: 100, -80, -40, and 30ºC).  The spectra show a single narrow peak for each carbon 

atom at 100ºC, then peak broadening at 30ºC, followed by peak splitting at  -40ºC.  The 

likely explanation for this observed splitting is that cooling the NSH sample 
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Figure A.9.  Variable-temperature 13C CP-MAS NMR spectra of THCl NSH with 0.42 
moles of water, acquired from 100 to -80ºC.  Spectral regions for carbons 5, β, α, and 4-
CH3 are shown.  Adapted from Chakravarty et al.12 
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to -40ºC sufficiently slowed the movement of the water molecules such that SSNMR 

detected the individual hydrated and dehydrated states, resulting in two peaks for several 

of the carbon atoms.  The temperature dependence of the peak width demonstrates that 

dynamic disorder exists in the NSH system, and it is this dynamic disorder that causes the 

broad peaks in partially dehydrated samples at room temperature (Figures A.5a and c).  In 

addition to the changes in peak width, temperature-dependent peak shifts and additional 

peak splitting at -80ºC were observed.  The peak shifts were not influenced by the state of 

hydration (data not shown), and they are likely the result of a change in either the lattice 

density or interactions with quadrupolar chloride ions.  The additional peak splitting at -

80ºC, which does not correspond to peaks for the NSH or ID forms, is attributed to 

carbon–chlorine quadrupolar coupling.  Typically, chloride-ion nuclei are able to self-

decouple due to rapid movement at room temperature.  Upon cooling, this self-

decoupling mechanism can be inhibited, resulting in peak splitting.13,14 

 

A.3.3 Overview of NSH characterization 

Conceptually, one can think of the NSH (~1 moles water) and ID as the two 

extremes in a system exhibiting a continuum in the state of hydration.  Partial 

dehydration of NSH produced gradual peak shifts in SSNMR spectra.  Observation of 

peak shifts, as opposed to the appearance of new peaks, indicated that the hydration state 

of all crystallites in the powder exist as a single, continuous phase and not a mixture of 

separate fully hydrated and fully dehydrated phases. 

 SSNMR studies show that this system can be defined as a dynamic two-site 

model, in which the thiamine molecules transiently exist in either hydrated or dehydrated 
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states.  The 1H T1 relaxation data is consistent with this model, and low temperatures 

slowed the movement of water molecules to the point where the individual hydrated and 

dehydrated states were observed in the SSNMR spectra.  At higher temperatures, 

including room temperature, the water molecules move faster than the SSNMR timescale, 

giving rise to the broad peaks observed in partially dehydrated NSH. 

The SSNMR studies reported here only included observation of 13C nuclei.  

However, chlorine–carbon coupling effects were observed during the VT SSNMR 

studies.  Although the presence of this quadrupolar coupling complicated the 13C spectra 

at low temperature, it highlights the potential use of analyzing this system by 35Cl 

SSNMR.15  Because the chloride ions are directly bonded to a water molecule, changes in 

the water content will have a significant effect on the chlorine nuclei, as well as 

neighboring nuclei.  In addition, thiamine contains four nitrogen nuclei, which also might 

be significantly affected (directly or indirectly) by water loss.  Future studies of this 

system might benefit from use of 35Cl and 15N SSNMR spectroscopy. 

Dehydration of the nonstoichiometric hydrate (NSH) form of THCl results in the 

formation of an isomorphic desolvate (ID) where the lattice packing is minimally 

affected by the departure of water.  This dehydration behavior is not readily evident from 

its structure due to lack of connecting pathways that facilitate the smooth departure of 

water from the lattice.  NSH (with ~1 moles water) and ID represent the two extremes of 

a system exhibiting a continuum in the state of hydration.  On the basis of structural and 

mobility data, it is hypothesized that the variable-hydrate nature of THCl NSH arises 

from the ability of the thiamine molecules to cooperatively deform, therein allowing 

rapid movement of water throughout the lattice, despite the lack of continuous channels.16 
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A.4 Results: Characterization of the hemihydrate (HH) 

A.4.1 Dehydration of HH 

Figure A.10 shows 13C CP-MAS NMR spectra of HH subjected to different 

treatments.  Partial dehydration of HH under low pressure for 7 days (HH2) resulted in a 

new peak at 157 ppm and the appearance of shoulders on the peaks at 148, 138, 65, and 

18 ppm.  In an effort to identify the source of these new peaks, two additional samples 

were prepared: 1) forcefully degraded HH, prepared by heating HH at 180ºC for 4 hr; 

and 2) amorphous HH, prepared by cryogrinding.  In the forcefully degraded sample, 

there was a visible color change (from white to dark yellow), which was not observed in 

HH2 samples.  However, the spectra of HH2 and the forcefully degraded HH were very 

similar; both contained the additional peak at 157 ppm as well as shoulders on other 

peaks throughout the spectrum. Only the forcefully degraded sample contained a small 

amount of anhydrous NSH/ID, evidenced by the low-intensity peaks at ~15 and 136 

ppm.  The lack of an observable color change in HH2 suggests that the observed spectral 

changes, in particular the appearance of the peak at 157 ppm, cannot be attributed to the 

presence of thermal degradant.  The yellow thermal degradant likely existed at levels 

below the limit of detection of the SSNMR method, as no peaks in the spectrum of the 

forcefully degraded sample could be attributed to the degradant.  The 157-ppm peak in 

the spectra of HH2 and forcefully degraded HH also cannot be attributed to amorphous 

THCl, since this peak is absent in the spectrum of cryoground HH. The water content of 

HH2 and forcefully degraded HH were below the stoichiometric water content of the 

hemihydrate (KFT), which suggests that the loss of water is responsible for the 

appearance of the new peak and shoulders.  Additional SSNMR studies were performed 
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Figure A.10.  13C CP-MAS NMR spectra of various samples of THCl HH.  Asterisks 
denote spinning sideband artifacts.  Adapted from Chakravarty et al.17  
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in order to characterize the stability and reversibility of the spectral changes that occurred 

upon partial dehydration of the HH lattice. 

Figure A.11 contains the 13C CP-MAS NMR spectra of a single HH2 sample 

progressively analyzed following exposure to different storage conditions, and the 

spectrum of HH is included for comparison.  The region from 130 to 170 ppm was 

expanded in order to better observe spectral changes.  The second-from-the-top spectrum 

is that of freshly prepared HH2 (same sample shown in Figure A.10). Following spectral 

acquisition, the sample was removed from the instrument (but not unpacked from the 

SSNMR rotor) and stored for 6 weeks (RT) in a desiccator containing anhydrous CaSO4.  

SSNMR analysis following this dry storage showed only a slight change in the relative 

intensities of the peaks at ~157 ppm, indicating that the sample was fairly stable under 

these storage conditions.  Following analysis, the sample was unpacked from the rotor 

into a glass vial, which was left uncapped for ~24 hr at ambient laboratory conditions.  

The powder sample was then repacked into the rotor (under ambient conditions) and 

analyzed.  The spectrum shows significant changes in the intensity of the peak at 157 

ppm and the shoulder at ~138 ppm (arrows in Figure A.11) and results in a spectrum that 

more closely resembles that of HH.  This supports that the additional peak and shoulders 

(157, 148, 138, 65, and 18 ppm) in the HH2 spectrum arise from partial dehydration of 

the HH lattice and that this dehydration is reversible upon storage in the presence of 

water vapor. 

Since partial dehydration did not significantly change the spectrum, it is unlikely 

that the water removal significantly affected the thiamine molecular 

conformation/packing.  Instead, two possible causes for the additional SSNMR peaks 
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Figure A.11.  13C CP-MAS NMR spectra of a single HH2 sample, progressively analyzed 
upon exposure to different storage conditions.  Arrows highlight spectral changes.  
Asterisks denote spinning sideband artifacts.  Adapted from Chakravarty et al.17  
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were hypothesized: 1) the loss of water caused changes in 13C–14N coupling and/or 2) the 

removal of water changed the electronic field and/or physical location of the chloride 

ions within the crystal lattice.  The potential for altered 13C–14N coupling upon water loss 

is relevant due to the presence of four nitrogen nuclei in the thiamine molecule.  Spectra 

of a single HH2 sample were acquired on both 300 and 400 MHz spectrometers in order 

to determine if the new peaks were associated with changes in 13C–14N coupling.  The 

line widths (in ppm) of the peaks should be different at different field strengths if such 

coupling is present.  The differences in line widths at the two field strengths were not 

significant enough to make definitive conclusions (data not shown).  Another potential 

cause of the new peaks/shoulders upon partial dehydration is movement of the chloride 

ion within the lattice.  X-ray structural data shows that the chloride ions are hydrogen-

bonded to water and electrostatically bound to the thiamine molecule.  Upon removal of 

water, the chloride ion may interact differently with the thiamine molecule due to 

changes in the charge distribution and/or physical location of the ion.  Molecular 

modeling studies will be necessary to further understand the observed dehydration-

induced SSNMR spectral changes. 

 

A.4.2 Assessing the crystallinity of partially dehydrated HH 

SSNMR also was used to investigate the effect of partial dehydration of HH on 

the crystallinity of the product phase, HH2.  A broad halo was observed in the PXRD 

pattern of HH2 (not shown), and the sample also showed significant water uptake upon 

exposure to high relative humidity.  However, these results could not distinguish between 

the two models of crystallinity: i) the two-state model, which assumes the existence of 
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the lattice in either a perfectly ordered (100% crystalline) or a totally disordered (100% 

amorphous) state and expresses the degree of crystallinity of a sample in terms of the 

fractions of these two states; and ii) the one-state model, which assumes a gradual and 

continuous decrease in lattice order during the progression from a completely ordered to 

a completely disordered lattice.18,19  If the PXRD halos were due to amorphous material 

(two-state model), the amorphous fraction should be high enough to be detected by 

SSNMR. 

Figure A.12 contains the 13C CP-MAS NMR spectra of physical mixtures of HH 

and amorphous THCl.  The region from 5–35 ppm has been expanded in order to clearly 

show the separate crystalline HH peak (~18 ppm) and amorphous peak (~14 ppm) of the 

THCl 4-CH3 carbon.  In the 50% amorphous sample, the low-intensity peak at ~15 ppm 

indicates residual ID in the amorphous material.  This impurity is attributed to incomplete 

amorphization by cryogrinding and is not particularly disruptive since the objective was 

not the rigorous quantitation of the different physical forms.  The purpose of the SSNMR 

study was to: (i) demonstrate that low levels of amorphous material could be detected by 

SSNMR, (ii) determine if amorphous material was present in HH2, and (iii) estimate the 

amorphous content of HH2.  As observed in the top three spectra of Figure A.12, the peak 

attributed to amorphous THCl (∼15 ppm) was discernible down to 5% amorphous level. 

In the HH2 spectrum, it is difficult to assign the signal at this chemical shift to a peak.  

Thus, even if in HH2 contains amorphous THCl, its concentration is significantly lower 

than 5%.  Such a low concentration of amorphous material is unlikely to yield the 

pronounced halo observed in the PXRD pattern (not shown).  It is therefore hypothesized 

that the halos exists due to partial loss of long-range order (one-state model), and not due 
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Figure A.12.  13C CP-MAS NMR spectra of HH with varying levels of amorphous 
content.  Crystalline and amorphous peaks for the 4-CH3 carbon are well resolved.  The 
dashed vertical line indicates the amorphous peak position, and dotted horizontal lines 
display the spectral baseline.  Adapted from Chakravarty et al.17  
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to the formation of an amorphous phase (two-state model), upon removal of water from 

the lattice. 

 

A.4.3 Overview of HH characterization 

THCl HH is extremely stable and demonstrates slow dehydration kinetics in the 

solid state.  Attempts to dehydrate HH at low temperatures (<100ºC) and reduced 

pressure caused incomplete dehydration and loss of long-range order within the crystal 

lattice, while, at elevated temperatures (>120ºC), water loss was accompanied by 

decomposition.  NSH and HH show pronounced differences in their physical stability, 

which is attributed to the differences in the water-binding in their respective crystal 

lattices. 
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