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Abstract 

 

Chemical entities can be arranged into different packing motifs, leading to variation in 

properties of solid materials. Solid form optimization is a critical approach to material 

development and here crystallization systems with multiple components are 

investigated to improve performance in specific applications of biomedical relevance. 

 

Cocrystallization is a technique to optimize solid forms by introducing a neutral 

coformer to form multicomponent crystal with the target molecule; this method shows 

great potential to improve the dissolution of poorly soluble compounds. In some 

systems, a compound can form cocrystals in multiple stoichiometries with the same 

coformer. A novel carbamazepine /p-aminobenzoic acid 4:1 cocrystal is discovered 

and structurally characterized. Phase stability data demonstrate that it is a 

thermodynamically unstable form. Dissolution experiments reveal that for 

cocrystallization pairs with multiple stoichiometries accessible, cocrystal 

stoichiometry is not the only factor that determines the dissolution rate; 

intermolecular interactions within the crystal play a vital role. This project answers 

the question how coformer stoichiometry influences dissolution. 

 

Solid state studies of a class of S-nitroso-N-acetyl-D-penicillamine (SNAP)-doped 

polymer materials that achieve prolonged and localized delivery of nitric oxide (NO) 

for potential biomedical applications are conducted to investigate the mechanism of 

the long-term storage stability and sustained NO release. Crystalline SNAP is detected 

in polymers during solid state characterization and a crystallization based theory is 



 

xiv 

proposed wherein SNAP molecules are partially solubilized in polymers, and the 

excess SNAP beyond the solubility limit crystallizes and embeds in the polymer. 

Solubility of SNAP in polymer has been determined by PXRD analysis. It is proposed 

that the lattice energy of crystalline SNAP is the key to the stability improvement, 

while the solubilized SNAP is more reactive that decomposes and releases NO. It is 

the first time that the stability mechanism of this system has been investigated; this 

crystallization based hypothesis has been tested in other SNAP/polymer composites. 

 

It is proposed that the unsuccessful cocrystallization between a target compound and a 

poorly soluble coformer can be a kinetic result of the coformer solubility limit, which 

favors the formation of single component crystals that compete with the hypothetical 

cocrystals. In order to retain a high degree of coformer supersaturation in solution 

favorable for cocrystallization, soluble polymeric additives were employed. It was 

demonstrated that solubility and metastable limit of poorly soluble compounds can be 

altered in presence of soluble polymers. Therefore, utilization of polymer additives is 

a feasible approach to adjust the metastable zone width which is a potential strategy to 

facilitate the growth of unattainable cocrystals. 
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Chapter 1 Introduction 

 

1.1 The Variety of Crystalline Forms 

Chemical entities, such as atoms, molecules and ions, can be arranged into more than 

one solid form. In contrast to glasses or amorphous solids which lack 

three-dimensional long-range order, a material is classified to be crystalline if it packs 

in an infinite three-dimensional array. Crystalline materials are commonly utilized in 

a wide range of fields because of their chemical and formulation stability. Another 

benefit to crystallinity is better ease of manufacturing. 

 

For a given crystallizing component, various crystallization conditions (solvent, 

degree of supersaturation, crystallization temperatures, etc.) can lead to a different 

packing motif, which results in multiple polymorphs.
1-12

 An example of 

polymorphism is the pentamorphic compound tolfenamic acid, a nonsteroidal 

anti-inflammatory drug (NSAID) with five polymorphs that can be visually 

distinguished under optical microscope by the morphology variation from needles, 

prisms to plates.
4
 Flufenamic acid, another NSAID, possesses at least nine 

polymorphs with eight structurally characterized, has been a record holder for 

structurally characterized drug presenting polymorphism.
5
 Polymorphism is a general 

crystallization behavior that is not exclusively detected in pharmaceuticals. For 

example, energetic materials can be polymorphic as well. Five polymorphs of a 

relatively new energetic compound 

2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (CL-20) have been 

discovered.
14

 For the benchmark energetic material 2,4,6-trinitrotoluene (TNT), two 
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polymorphs are reported (Figure 1.1).
13

 The constituents of all polymorphs are the 

same. However, the properties of polymorphs vary due to their diverse packing motifs 

as a result of the differences in intermolecular interactions.  

 

Figure 1. 1 Packing of (a) monoclinic and (b) orthorhombic TNT.
13

 

 

Aside from single component polymorphs, crystals with two or more components can 

also be obtained (Figure 1.2). Salts are ionic multicomponent crystals consisting of at 

least two groups of oppositely charged ions that can pack into overall electrically 

neutral products.
15-20

 In contrast to salts, cocrystals, consist of neutral molecular 

components that pack in a defined ratio.
6, 21-25

 When a single component of a 

crystallizing unit is a liquid at room temperature, the multicomponent crystals formed 

are classified as solvates.
26

 For instance, hydrates are the most commonly seen 

solvates, with water molecules included in the crystal lattices. With the introduction 

of one or more coformers that build intermolecular interactions with target chemical 

entities, the number of possible crystal structures can be greatly increased. 

(b) (a) 



 

3 

 

Figure 1. 2 Single component and multicomponent crystalline forms of a given 

chemical entity (represented by red triangles). Polymorphs consist of only one 

component packing into different motifs can be obtained under various crystallization 

conditions. By introducing ions (dark green triangles), solvents (light green circles) or 

coformers (blue parallelograms), multicomponent crystals including salts, solvates 

and cocrystals can be obtained. 

 

Polymorphism can arise within multicomponent crystals as well (Figure 1.3).
27-29

 

Polymorphic cocrystals can be obtained from polymorphic coformers.
30

 For instance, 

two polymorphs of carbamazepine-nicotinamide (CBZ-NCT) cocrystals and two 

polymorphs of carbamazepine-saccharin (CBZ-SAC) cocrystals can be grown by 

solvent evaporation in presence of various insoluble polymer heteronuclei, while 

carbamazepine is a pentamorphic compound.
6
 Five anhydrous polymorphs of 

furosemide-nicotinamide 1:1 cocrystal have been discovered and characterized by 

powder X-ray diffraction (PXRD) and differential scanning calorimetry (DSC).
26

 

Although the reported number of cocrystal polymorphs is less than that of single 
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component crystal polymorphs, there is no statistical evidence that can prove reduced 

polymorphism in cocrystals.
31

 The lack of knowledge of cocrystal polymorphism may 

be due to the incompatibility between current screening methods and the specific 

crystallization condition required for the target cocrystals formation. Taking 

polymorphism of multicomponent crystals into consideration, the options for 

crystalline form optimization can be expanded to a larger extent. 

 

Figure 1. 3 Polymorphism in cocrystals. The two cocrystals are of the same 

constituents and stoichiometry, but the packing motifs are different. 

 

1.2 Polymorph Selection and Multicomponent Crystal Development for 

Improved Solid Materials 

All the variations in crystal structure, from packing motifs to constituent 

stoichiometry, result from differences in intermolecular interactions. Because 

crystalline material properties are highly dependent on the various intermolecular 

interactions between crystallizing components, knowledge of possible forms of target 

materials, as well as appropriate solid form selection, is essential for manufacturing. 

 

Material properties that are crucial for application, such as density, hardness, melting 

point, stability, solubility, dissolution rate and color, can be vary in different 



 

5 

polymorphs.
1-5, 7, 9-12, 32

 By altering the polymorph of a target chemical, the particular 

property of the solid material can be improved. Therefore, polymorphism has been 

extensively investigated for the sake of solid form optimization. Additionally, 

transformation from a metastable polymorph to other forms can occur during 

substance manufacturing, accompanied by undesirable changes in properties. A 

significant example is ritonavir, whose final drug product started failing the 

dissolution test after being introduced to the market. It was then recognized that the 

product converted to a thermodynamically more stable form which is much less 

soluble in the solvents used for formulation that precipitated out of solution. If the 

more stable form were discovered before putting ritonavir into market, such economic 

loss could have been prevented.
33

 On the other hand, although metastable forms can 

suffer from undesired phase conversion, their relatively high solubility and weak 

stability can be beneficial in applications depends on the goal. Consequently, in order 

to avoid unexpected phase conversion and optimize material performance, it is of 

great importance to gain knowledge of all possible polymorphs before scaling up 

production. 

 

Multicomponent crystal formation is an alternative strategy for new formulations of 

existing chemical entities when all single component polymorphs of the target 

compound fail to meet property requirements for an application. Salt formation has 

been established as a feasible approach to alter material properties.
15-20

 There are vast 

examples of promoted solubility and dissolution rate of salts relative to the single 

component materials. However, for nonionizable entities that cannot form salts with 

counter ions, salt formation is not achievable. In such cases, cocrystallization becomes 

an attractive alternative. 

 

Properties of cocrystals can differ greatly from those of their pure components. In 

some cases cocrystals combine the advantages of the pure components and, thus, can 
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meet application benchmarks that the pure component materials originally failed to 

meet.
21-25, 34-36

 Cocrystallization has triggered interest in solubility and dissolution rate 

improvement for pharmaceutical materials.
37-39

 Another good example is explosives: 

with the requirement of the rigid performance target and economical production, a 

new tactic to improve explosive materials is to develop formulations of existing 

energetic entities. By cocrystallization, it is possible to improve the stability of an 

energetic material without harming the explosive power. Despite the high density, 

desired oxygen balance and high explosive power, the energetic compound CL-20 is 

too sensitive for extensive applications. By cocrystallizing CL-20 with the explosive 

1,3,5,7-tetranitro-1,3,5,7-tetrazacyclooctane (HMX) in a 2:1 stoichiometry, the 

obtained cocrystal presents low sensitivity which is comparable to the “safer” HMX. 

This stability has been attributed to the increased degree of hydrogen bonding in the 

cocrystal structure relative to the single component forms of either coformer. At the 

same time, the predicted detonation velocity of the cocrystal is still higher than the 

most powerful pure form of HMX.
22

 The increased strength of intermolecular 

interactions with the introduced coformer allow for greater availability of solid state 

optimization. 

 

1.3 Application of Polymers in Crystallization 

There are multiple roles that can be played by polymers during crystallization process. 

Adjusting crystallization variables including temperature, solvent and degree of 

supersaturation are common strategies for crystalline form discovery and selection. 

However, these approaches do not explicitly target the vital nucleation step that 

determines the final solid state form. A variety of materials can be applied as 

heterogeneous particles or surfaces to facilitate nucleation by lowering the energy 

barrier.
40-44

 Among them, polymer-induced heteronucleation (PIHn), a methodology 

developed to direct and control nucleation via interactions between a crystallizing 

component and functional groups of cross-linked insoluble polymer heteronuclei at 
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the interface (Figure 1.4), enables a high throughput modality that allows a large 

amount of experiments for polymorph discovery and selection to be run at the same 

time by replacing polymer heteronuclei without changes in solvent, temperature or 

degree of supersaturation. A phase-selection mechanism for PIHn has been proposed 

based on combined experimental and computational studies, indicating that the 

polymorph selection process is dependent on the affinity of the functional group on 

the surface of the polymer heteronucleants to the crystallizing components, which can 

be affected by both the polymer surface and the solvent media.
45

 The compatibility 

between PIHn and several high throughput polymorph screening techniques is another 

plus. PIHn has been developed into a high density format of micro PIHn plate with 

288 distinct polymers as the heteronuclei on a standard quartz microscope slide, 

which further decreases the total amount of materials used for polymorph screening.
46

 

 

Figure 1. 4 Schematic representation of polymer induced heteronucleation (PIHn). 

Form selection of target molecule (blue parallelograms) is achieved by insoluble 

polymers with various functional groups (green squares and purple rectangles) at the 

solution-polymer interface to facilitate the formation of target nuclei. 

 

In contrast to insoluble polymers that serve as heteronuclei to facilitate nucleation, 

soluble polymers can be utilized as crystallization inhibitors to prolong 

supersaturation in solution, as well as maintain the desired high energy amorphous 

forms of materials for the sake of solubility enhancement.
47-50

 Unlike insoluble 
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heteronuclei that stabilize nuclei of a target polymorph, soluble polymers can adsorb 

onto specific faces of a crystal in solution, therefore preclude crystal growth 

perpendicular to that face (Figure 1.5). Such inhibition effect can be an alternative 

approach to solid form selection by impeding the formation of unintended forms.
51-55

 

 

Figure 1. 5 Schematic representation of how soluble polymer additives influence 

crystallization in solution. Polymorph selection can be achieved by soluble polymer 

additives (green squares and purple rectangles) adsorbing onto specific faces of a 

crystal in solution, which preclude crystal growth perpendicular to that face. The 

formation of undesired form can be prevented by the polymeric inhibitor (orange 

polygons), allowing access to other forms that are slow to nucleate or grow. 

 

The heteronucleation induced by insoluble polymer and the inhibition effect of 

soluble polymer additives are two sides of the same coin. If a soluble additive enables 

strong intermolecular interactions with a target crystallizing compound that lead to 

significant inhibition of crystal growth in solution, the specific functional group 

responsible for the interactions can be transformed into an insoluble heteronuclei 

which stabilizes the target nuclei on the interface and promote crystallization.
56

 In 

addition, compounds can be incorporated onto polymer substrates to form 
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crystal/polymer composites.
57, 58

 With all possibilities of various functionalities, 

non-crystalline polymers are predestined to be an indispensable part in the 

development of crystalline materials. 

 

1.4 Organization of Thesis 

Chapter 1 gives a brief introduction to select crystalline forms including single 

component polymorphic crystals and multicomponent crystals. Examples of 

crystalline material optimization by polymorph selection and multicomponent crystal 

formation are provided. The influences of both insoluble polymer heteronuclei and 

soluble polymer additives on crystallization are discussed with a brief discussion of 

mechanism. 

 

Chapter 2 focuses on cocrystals with multiple stoichiometric ratios. A novel 

carbamazepine (CBZ)/p-aminobenzoic acid (PABA) 4:1 cocrystal has been 

discovered. The metastability of this 4:1 cocrystal has been elucidated by a series of 

characterization experiments. Dissolution experiments of CBZ/PABA cocrystals with 

three different stoichiometries have been conducted to elucidate the impact of 

cocrystal stoichiometry on compound dissolution. 

 

Chapter 3 discusses solid state studies of a series of nitric oxide releasing materials: 

S-nitroso-N-acetylpenicillamine (SNAP)/polymer composites. The improved material 

stability is attributed to SNAP crystallization within the polymer, which has been 

verified using solid state characterization methods. Calculation of SNAP solubility in 

polymers is also demonstrated. The crystalline based stability mechanism has been 

verified by composites prepared with different polymers or by different methods. 
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Chapter 4 proposes a cocrystallization approach by using soluble polymer additives 

that can adjust coformer metastable zone to overcome kinetic barriers. It is shown that 

soluble polymers successfully alter the solubility and metastable limit of select 

compounds. Various effects of polymeric additives on cocrystallization are discussed. 
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Chapter 2 Influence of Coformer Stoichiometric Ratio on 

Pharmaceutical Cocrystal Dissolution 

Li, Z.; Matzger, A. J. “Influence of Coformer Stoichiometric Ratio on Pharmaceutical 

Cocrystal Dissolution: Three Cocrystals of Carbamazepine/4-Aminobenzoic Acid” 

Mol. Pharm., 2016, 13 (3), pp 990-995 

 

2.1 Introduction 

According to the Biopharmaceutics Classification System (BCS), drug substances can 

be classified into four classes based on their solubility and permeability. Among them, 

Class II and Class IV refer to poorly soluble drugs with high permeability and low 

permeability, respectively.
1
 Active pharmaceutical ingredients (APIs) that suffer from 

low aqueous solubility display slow dissolution rates, and in many cases this slow drug 

release from dosage forms hinders the bioavailability of the compounds.
2
 It is 

estimated that about 40% of the drugs on the market display poor solubility. For 

potential drug candidates, the proportion of BCS class II and IV drugs can be as much 

as 80-90%.
3
 Low efficacy, as the result of poor bioavailability in many cases, is a 

common cause of development failure. Therefore, solving solubility and dissolution 

issues is an important aspect of drug development. 

 

Multiple approaches aimed at optimizing the solid forms of existing APIs to overcome 

solubility-limited bioavailability have been investigated due to the increasing 

proportion of poorly soluble drugs being developed. Although amorphous solid 

dispersions have exhibit great promise for solubility and dissolution rate enhancement, 
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the most common route to deliver APIs is still by crystalline dosage, because of the 

stability and considerable processing advantages in production.
4-8

  

For crystalline drugs, the neutral single component API forms as well as 

multicomponent crystals, such as salts, solvates and cocrystals, can be considered for 

development into a dosage.
6-13

 Not all drugs are polymorphic, and there can be 

situations where none of the achievable polymorphs meet the requirement for 

properties in application. Among the approaches of multicomponent crystallization, 

cocrystallization is an attractive option for solid form optimization of non-ionizable 

drugs for which salt formation is not applicable.
14-16

 Cocrystallization can dramatically 

alter the properties of neutral compounds by introducing a neutral coformer that 

interacts with the target API in a defined stoichiometric ratio through intermolecular 

interactions. Even for ionizable drugs, the number of coformer candidates for 

cocrystallization can exceed the number of counterions for salt formation.
17

 Therefore, 

this approach presents great potential to adjust API solubility. 

 

Similar to salt formation, cocrystallization can increase both solubility and dissolution 

rate of drugs.
13

 The overall effect of a coformer which is introduced to a 

pharmaceutical compound for cocrystallization on the dissolution of obtained 

cocrystal is dependent on both the solvation energies of the added cocrystallizing 

components and the cocrystal lattice energy.
18

 With the introduction of a soluble 

coformer, besides changes in the strength of the crystal lattice because of the different 

intermolecular interactions that construct the packing motif, the strong solvent-solute 

interactions between the coformer component and the solvent formed from cocrystal 

solvation can also promote drug dissolution (Figure 2.1). As a result, the enhanced 

dissolution by cocrystallization can improve the bioavailability of poorly soluble 

drugs.
19

 An example is furosemide, that the dissolution rate of the cocrystals can be 

visibly improved compared to the single component form. 
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Figure 2. 1 Drug dissolution can be improved by introducing a soluble coformer, 

which can influence the lattice energy of the cocrystal and possesses strong solvent 

affinity that can drive cocrystal dissolution. 

 

In some cocrystallization systems, there can be multiple cocrystal stoichiometries 

available for a target API to be packed with a specific coformer introduced to form 

multicomponent crystals for solid form optimization (Figure 2.2), which, in principle, 

provides more opportunities to engineer dissolution behavior. Studies on the synthons 

in such systems as well as the conversion between different cocrystal stoichiometries 

have been reported.
20-27

 It was revealed that cocrystals of different stoichiometric ratios 

can coexist in solution at a eutectic point, and the conversion between cocrystal 

stoichiometries in solution is dependent on the coformer concentration. What is not 

understood is how cocrystal stoichiometry influences API performance. 
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Figure 2. 2 Multiple stoichiometries can be available for a given cocrystallizing 

component pair. The cocrystallizing components can pack into more than one motif, 

with different ratios of the coformers corresponding to various intermolecular 

interactions in each structure. 

 

For cocrystals consisting of only two components, the dissolution process of the 

cocrystals is determined by the cocrystal lattice energy and the interactions between 

each crystallizing component and the solvent. When multiple cocrystal 

stoichiometries are available with a specific coformer (without formation of solvates), 

given that the coformer is more soluble than the drug, as the proportion of the 

coformer in cocrystal increases, the enhanced strong affinity between the coformer 

and the solvent molecules is expected to favor cocrystal dissolution.
28

 On the other 

hand, as an analogue of the common ion effect in salts, the drug concentration of 

cocrystals at equilibrium decreases as a function of increasing cocrystallizing 

component concentration in solution.
21, 29

 Consequently, for cocrystals with greater 

coformer stoichiometry, the coformer concentration in solution is higher for a given 

drug concentration, which may favor drug precipitation in alternative stoichiometries. 

Another property of cocrystals with higher coformer stoichiometry is the greater mass 

of material required to reach the same API concentration. The above analysis indicates 

that there are multiple factors imposed by coformer stoichiometry that influence 

cocrystal dissolution and the relative influence of each of these is not well defined. 

These are, however, not the only factors of significance as intermolecular interactions 
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among the cocrystals may vary in both strength and abundance (vide infra). Multiple 

coformer stoichiometries have previously been observed to lead to changes in drug 

solubilization albeit in a system where the changes in coformer stoichiometry are 

accompanied by changes in cocrystal solvation (both solvent identity and stoichiometry) 

thus convoluting the coformer stoichiometry effects with solvation effects (Figure 

2.3).
30

 To elucidate the impact of coformer stoichiometric ratio on cocrystal 

dissolution without the interferences of molecules other than the selected drug, 

coformer and dissolution medium, a system with more than 2 stoichiometric ratio of 

non-solvate cocrystal is desired. 

 

Figure 2. 3 Multiple cocrystal stoichiometry can be achieved with changes in 

cocrystal solvation (the solvate with the green circles representing solvent molecules 

possesses a drug – coformer stoichiometry different from the other two cocrystals). 

Except for coformer stoichiometry and cocrystal lattice energy, the interactions 

between the solvent molecules in the solvate and in the dissolution medium bring in 

extra interferences that complicate the dissolution process. 

 

Carbamazepine (CBZ, Figure 2.4) is a polymorphic anti-epileptic BCS Class II 

compound and therefore exhibits low aqueous solubility and high permeability.
2, 31

 

Efforts have been made to optimize CBZ solid form solubility and dissolution rate 

through cocrystallization.
32-34

 p-Aminobenzoic acid (PABA, Figure 2.4) is a coformer 

exhibiting an aqueous solubility of ~5.0 g/L at 24 °C, a value much higher than CBZ 

(17.7 mg/L).
35, 36

 A CBZ/PABA 1:1 cocrystal and a CBZ/PABA 2:1 cocrystal have 
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been described previously.
21, 37, 38

 Here, a new stoichiometry CBZ/PABA 4:1 cocrystal 

is reported. With more than two different cocrystal stoichiometries structurally 

characterized, a result rarely found in cocrystallized pharmaceuticals,
26, 27

 CBZ/PABA 

is an attractive system to study the influence of multiple stoichiometric ratios on 

materials properties and, in particular, how the stoichiometric ratio of a soluble 

coformer affects the dissolution of a drug. 

 

Figure 2. 4 Chemical structures of (a) CBZ and (b) PABA. 

 

2.2 Results and Discussion 

 

2.2.1 CBZ/PABA 4:1 Cocrystal Characterization 

Clusters of needles were obtained by solvent evaporation of CBZ/PABA ethanolic 

solutions of various stoichiometric ratios (Figure 2.5). Due to the similarities in 

morphology of the known CBZ I, CBZ II, PABA I, and CBZ/PABA 1:1 cocrystal there 

is no reliable way to visually distinguish among the needle-shaped crystals; therefore 

powder X-ray diffraction (PXRD) characterization was performed for form 

identification of obtained needles. From samples crystallized out of a 0.2 M CBZ:0.1 M 

PABA ethanol solution, as well as a 0.1 M CBZ:0.1 M PABA ethanol solution, a 

unique PXRD pattern was observed, with characteristic lines at 2 = 6.63, 8.71, and 

13.30° (Figure 2.6), indicating a novel crystalline form. 

(a) (b) 
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Figure 2. 5 Optical image of CBZ/PABA 4:1 cocrystal clusters. Since multiple crystals 

consist of CBZ and/or PABA are needle-shaped crystals, it is not reliable to visually 

distinguish this forms. 

 

 

Figure 2. 6 Powder X-ray diffraction patterns of CBZ III, PABA I, CBZ/PABA 1:1, 

CBZ/PABA 2:1 and CBZ/PABA 4:1 cocrystals. The 4:1 cocrystal presents a unique 

PXRD pattern distinct from all the other reported forms, with characteristic lines at 2 

= 6.63, 8.71, and 13.30°. 

 

Raman spectroscopy characterization was conducted to determine the constituents of 

the new form. Similar to the known CBZ/PABA cocrystals, the Raman spectrum of the 
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new form exhibits peaks in regions where CBZ or PABA single component crystals 

show characteristic peaks, but these peak positions are distinguishable from the spectra 

of all the previously reported forms (Figure 2.7). These features led to the speculation 

that the new form is a novel CBZ/PABA cocrystal. 

 

Figure 2. 7 Raman spectra of CBZ III, PABA I, CBZ/PABA 1:1, CBZ/PABA 2:1 and 

CBZ/PABA 4:1 cocrystals. In the CBZ/PABA 4:1 cocrystal spectrum, the PABA 

characteristic peak features are relatively weak compared to the 1:1 and 2:1 

cocrystals. 

 

To determine the stoichiometry of the newly discovered cocrystal of CBZ/PABA, 

proton NMR spectroscopy was carried out and a 4:1 CBZ:PABA ratio was measured 

(Figure 2.8). This new phase is CBZ-rich relative to the previously reported 

CBZ/PABA 1:1 and 2:1 forms, and this result agrees with the Raman spectrum of the 

new form in which the features of PABA at 846 cm
-1

, 1180 cm
-1

, 1285 cm
-1

 and 1601 

cm
-1

 are relatively weak compared to those of CBZ/PABA 1:1 and 2:1 cocrystals. 
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Figure 2. 8 
1
H NMR spectroscopic data for CBZ/PABA 4:1 cocrystal. The integration 

indicates a 4:1 CBZ:PABA stoichiometry for the cocrystal discovered in this work. 

 

Single crystal samples of CBZ/PABA 4:1 cocrystals were grown by slow evaporation 

of dilute 4:1 CBZ:PABA ethanol solution in order to determine the 4:1 cocrystal 

structure (Figure 2.9). Single crystal XRD reveals the CBZ/PABA 4:1 cocrystal is 

monoclinic in the space group C 2/c (Table 2.1). Although severe PABA disorder 

makes detailed analysis of intermolecular interactions between the components in the 

4:1 cocrystal impossible, packing of the three cocrystals are sufficiently different that 

motifs responsible for each stoichiometry are easily discerned. The 4:1 cocrystal 

packing features infinite PABA chains occupying channels between isolated 

homodimers of CBZ; all CBZ molecules are symmetry equivalent and this is distinct 

from the previously reported forms where interactions between CBZ and PABA are 

present. The 1:1 cocrystal is characterized by infinite chains of CBZ homodimers 

connected to PABA homodimers by interaction by N—H donation from PABA to CBZ 
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carbonyls. All CBZ molecules are symmetry equivalent in the 1:1 cocrystal. The 2:1 

cocrystal is characterized by finite groups of two hetero-dimerized CBZ—PABA pairs 

connected to one CBZ homodimer by N—H (PABA)/carbonyl (CBZ) interactions. 

This leads to two symmetry inequivalent CBZ molecules (Figure 2.10). 

 

Figure 2. 9 Thin prism-shaped single crystal samples of CBZ/PABA 4:1 cocrystal. 

 

Table 2. 1 Crystal lattice comparison of CBZ/PABA cocrystals 

CBZ/PABA Cocrystal Stoichiometry 1:1 2:1 4:1 

Lattice System Monoclinic Monoclinic Monoclinic 

Space Group P 21/n C 2/c C 2/c 

a (Å) 5.1909(4) 37.013(3) 20.3857(6) 

b (Å) 18.4126(13) 12.1319(9) 5.10210(10) 

c (Å) 19.0481(14) 13.5991(10) 26.5935(19) 

 (˚) 97.7740(10) 99.1730(10) 95.583(9) 

V (Å3
) 1803.85 6028.42 2752.87 

Lattice parameters of CBZ/PABA 1:1 and 2:1 are from references.
21, 37
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Figure 2. 10 Packing of (a) CBZ/PABA 1:1, (b) CBZ/PABA 2:1 and (c) CBZ/PABA 

4:1 cocrystals. Blue color corresponds to symmetry equivalent homo-dimerized CBZ. 

Green color corresponds to symmetry equivalent hetero-dimerized CBZ. Red color 

corresponds to PABA. 

(b) 

(a) 

(c) 
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2.2.2 CBZ/PABA Cocrystal Stability 

The CBZ/PABA 4:1 cocrystal shows behavior consistent with a metastable form. 

CBZ/PABA 1:1 and 2:1 cocrystals can be prepared on large scale by neat grinding, 

solvent-assisted grinding with ethanol, or by slurring CBZ with corresponding 

stoichiometric ratio equivalents of PABA. These Raman spectroscopy and PXRD 

characterization results are consistent with the notion that CBZ/PABA 1:1 and 2:1 

cocrystals are thermodynamically stable forms of the corresponding CBZ/PABA 

stoichiometries. On the other hand, by neat grinding, solvent-assisted grinding, and 

slurring of CBZ with 0.25 molar equivalents of PABA, the desired CBZ/PABA 4:1 

cannot be obtained, and instead physical mixtures of CBZ III and CBZ/PABA 2:1 

cocrystal form (Figure 2.11). This holds true either in the absence or presence of seeds 

of the 4:1 cocrystal indicating that the result is not kinetic, and the 4:1 cocrystal is less 

stable relative to its alternative stoichiometries. 
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Figure 2. 11 CBZ/PABA (a) 1:1 and (b) 2:1 cocrystals can be obtained by slurrying 

or grinding CBZ and PABA of corresponding stoichiometries, while (3) initial 4:1 

CBZ:PABA reactants give mixed product of CBZ III and CBZ/PABA 2:1 cocrystal. 

(a) 

(b) 

(c) 
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Additionally, wetted by a minimum amount of either pure solvent or filtered solution 

cosaturated with CBZ and CBZ/PABA 2:1 cocrystal, 4:1 cocrystals also convert to 

physical mixtures of CBZ III and CBZ/PABA 2:1 (Figure 2.12). The spontaneous 

conversion of 4:1 samples to crystals of alternative stoichiometry again suggests that, 

unlike the 1:1 and 2:1 cocrystals, the 4:1 cocrystal is not a thermodynamically favored 

form relative to the physical mixture of CBZ/PABA 2:1 and CBZ III. Despite the fact 

that CBZ/PABA 4:1 cocrystals cannot be obtained from grinding or slurring, once they 

are formed, the metastable cocrystals can be stored without decomposition or 

conversion to other forms under ambient temperature and humidity, and only convert 

once solvent is present. 

 

Figure 2. 12 The CBZ/PABA 4:1 cocrystals spontaneously convert to physical 

mixture of CBZ III and CBZ/PABA 2:1 cocrystal with the existence of solvent media. 

 

In the reported phase diagram for the CBZ/PABA/ethanol system, the CBZ/PABA 1:1 

cocrystal has invariant points with either CBZ/PABA 2:1 or PABA, and the 

CBZ/PABA 2:1 cocrystal has invariant points with either CBZ or CBZ/PABA 1:1.
21

 If 

the 4:1 cocrystal is present on this phase diagram, it would be in a region somewhere 

between pure CBZ and pure CBZ/PABA 2:1. However, all CBZ/PABA 4:1 cocrystals 

suspended in slurries of pure CBZ, pure CBZ/PABA 2:1 or mixtures of CBZ and 
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CBZ/PABA 2:1 dissolved in agreement with experiments of CBZ/PABA 4:1 

conversion to CBZ and CBZ/PABA 2:1 described above; thus CBZ/PABA 4:1 does not 

have a stable region on the ternary phase diagram. A similar situation has been reported 

with a caffeine/maleic acid 2:1 cocrystal obtained by neat and solvent-assisted grinding 

but unattainable by crystallization from solvent; the form is metastable and converts to 

a mixture of caffeine and 1:1 cocrystal with the addition of acetone.
17

 A ciprofloxacin 

succinate (2:1) tetrahydrate has also been implicated to be metastable.
23, 39

 A final 

example is a diacetone diperoxide/1,3,5-tribromo-2,4,6-trinitrobenzene cocrystal that 

decomposes to the pure forms of its constituents at room temperature.
40

 The term 

“schizophilic” has been applied to describe such a cocrystal that is unstable relative to 

its pure components. Hence, the new CBZ/PABA 4:1 cocrystal is a schizophilic 

cocrystal that, instead of being unstable relative to its pure components, yields a 

mixture of one pure component (CBZ) and a second stoichiometry of cocrystal 

(CBZ/PABA 2:1). 

 

Thermal stabilities of the three CBZ/PABA cocrystal stoichiometries were examined 

by differential scanning calorimetry (DSC). Both CBZ/PABA 1:1 and 2:1 cocrystals 

presented only one major endothermic peak, at 148 °C and 157 °C respectively, 

corresponding to their melting points. By contrast, the 4:1 cocrystal DSC profiles 

revealed a phase transition at 100 °C, followed by multiple endothermic peaks (Figure 

2.13). The transformation products at 100 °C were identified by applying hot stage 

Raman microspectroscopy. Changes in cocrystal morphology from prisms with 

smooth surfaces to rough crystals with small needles attaching to the surfaces were 

observed. Raman spectroscopy showed that the 4:1 cocrystal gradually disappeared at 

the conversion temperature and peaks of CBZ I, the preferred CBZ polymorph at high 

temperature, appeared. Due to the strong CBZ I Raman characteristic peaks and 

fluorescence that conceal the relatively weak CBZ/PABA 1:1 Raman characteristic 

peaks, the conversion products of both CBZ I and CBZ/PABA 1:1 are confirmed by 

PXRD analysis (Figure 2.14). The DSC results indicate that CBZ/PABA 4:1 has 
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weaker thermal stability than CBZ/PABA 1:1 and 2:1 cocrystals, and undergoes phase 

conversion before reaching its melting point (Figure 2.15), which is again suggestive 

of relatively weak intermolecular interactions in the 4:1 cocrystal compared to the 

previously known forms. 
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Figure 2. 13 Differential scanning calorimetry profile of CBZ/PABA 1:1, 2:1 and 4:1 

cocrystals. CBZ/PABA 1:1 and 2:1 cocrystals present one major endothermic peak, 

corresponding to their melting points, which indicates a higher thermal stability than 

CBZ/PABA 4:1 that undergoes phase conversion before reaching its melting point. 

(a) 

(b) 

(c) 
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Figure 2. 14 Powder X-ray diffraction patterns of CBZ I, CBZ/PABA 1:1, CBZ/PABA 

4:1 before and after phase conversion at 100 °C. The insets are images of CBZ/PABA 

4:1 (a) before and (b) after conversion. 

 

 

Figure 2. 15 The CBZ/PABA 4:1 cocrystals convert to physical mixture of CBZ I and 

CBZ/PABA 1:1 cocrystal at 100 °C.  
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2.2.3 CBZ/PABA Cocrystal Dissolution 

Ultimately the goal of cocrystallization for most APIs is to improve dissolution and the 

question being addressed here is how stoichiometry influences this property. Because 

CBZ/PABA 4:1 is metastable and converts easily to other forms in solution, dissolution 

rate rather than the drug concentration in the saturated solution was applied to assess 

the influence of coformer on solubilization. Here the dissolution investigation started 

with the hypothesis that the drug dissolution can benefit from the increasing 

stoichiometry of a more soluble coformer, and that the CBZ/PABA cocrystallization 

system, with three different non-solvate cocrystal stoichiometries accessible, serves as 

a model system for the investigation of this proposal. 

 

Both CBZ and PABA solutes enter the solution during cocrystal dissolution. Therefore, 

the dissolution behaviors of all cocrystals are described by the changes in concentration 

of both components in the dissolution media, which are calculated based on the UV-vis 

spectra applied to monitor the dissolution process. Possible phase conversion can be 

detected by simultaneous Raman spectroscopy and ex-situ PXRD characterization 

(Figure 2.16). 
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Figure 2. 16 Instrumental setup for in-situ UV-vis spectroscopy and simultaneous 

Raman spectroscopy monitoring dissolution process. The dissolution was monitored by 

both the UV-vis spectra measured by probes immerged in the solution and the Raman 

spectra recorded by the 20× objective pointing in the second dissolution channel. 

 

2.2.3.1 Formula Derivation for Cocrystal Dissolution 

For all CBZ/PABA cocrystals, since two components coexist in the solution during 

dissolution, and the absorption of CBZ and PABA overlaps throughout the UV-Vis 

spectra in selected solvents, CBZ and PABA concentrations in solution cannot be 

expressed by the absorbance at only one specific wavelength. Alternatively, equation 

sets combining the absorbance at two different wavelengths 𝜆1 and 𝜆2 have been set 

up for calculation. 

 

According to the Beer-Lambert Law 

A𝜆1
= ∑ 𝜀𝑖𝑐𝑖𝑙

𝑁

𝑖=1

 

For a dissolution system with 2 solutes, at a specific time frame, the absorption A𝜆1
 

and A𝜆2
 at wavelength 𝜆1 and 𝜆2 can be expressed as: 
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A𝜆1
= 𝜀1𝜆1

𝑐1𝑙 + 𝜀2𝜆1
𝑐2𝑙 = 𝑎1𝑐1 + 𝑎2𝑐2 

A𝜆2
=  𝜀1𝜆2

𝑐1𝑙 + 𝜀2𝜆2
𝑐2𝑙 = 𝑏1𝑐1 + 𝑏2𝑐2 

where the variables 𝑎1 and 𝑏1 correspond to the absorbance of CBZ solution with a 

unit concentration at wavelength 𝜆1 and 𝜆2, and 𝑎2 and 𝑏2 correspond to the 

absorbance of PABA solution with a unit concentration at wavelength 𝜆1 and 𝜆2, 

which all can be determined from calibration of standard solution. Therefore, the 

concentration of CBZ and PABA in solution 𝑐1 and 𝑐2 at a given time can be 

expressed as: 

𝑐1 =
𝑎2𝐴𝜆2

− 𝑏2𝐴𝜆1

𝑎2𝑏1 − 𝑎1𝑏2
, 𝑐2 =

𝑏1𝐴𝜆1
− 𝑎1𝐴𝜆2

𝑎2𝑏1 − 𝑎1𝑏2
 

As a result of the calculation, the dissolution behaviors of CBZ/PABA cocrystals can 

be described by the concentration change of CBZ and PABA in dissolution media 

separately. 

 

2.2.3.2 Dissolution Experiments in Phosphate-Buffered Saline (PBS) 

With PBS that has a pH of 7.0 as the aqueous dissolution medium, it was noted that in 

all experiments of samples containing CBZ, including CBZ III, CBZ dihydrate and all 

CBZ/PABA cocrystals, the dissolution rates, represented by the slope of the 

concentration-time profiles, kept decreasing over time during the dissolution process 

(Figure 2.17). Additionally, congruent dissolution of CBZ/PABA cocrystals was 

never observed during the dissolution process, and cocrystal dissolution behavior can 

only be described by the concentration of both components separately. Therefore, the 

dissolution behavior of CBZ III, CBZ hydrate, CBZ/PABA 1:1, CBZ/PABA 2:1, and 

CBZ/PABA 4:1 in PBS is described by the initial CBZ and PABA dissolution rates and 

the dissolution rates after 1 hour (Table 2.2). 
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Figure 2. 17 Representative CBZ/PABA cocrystal dissolution profiles in PBS. 

Incongruent stoichiometry of CBZ and PABA in solution is observed throughout the 

dissolution process. 
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Table 2. 2 CBZ/PABA dissolution rates (average ± standard error of the mean) in PBS 

Rate of Dissolution 

(mol/min/cm
2
) 

CBZ After 1 

Hour 

CBZ Initial PABA After 1 

Hour 

PABA Initial 

CBZ III 7.22 ± 0.24 21.0 ± 0.4 — — 

CBZ dihydrate 6.49 ± 0.10 12.6 ± 0.7 — — 

PABA I — — — 765 ± 9 

CBZ/PABA 1:1 6.45 ± 0.18 19.4 ± 1.8 15.9 ± 1.2 131 ± 9 

CBZ/PABA 2:1 6.14 ± 0.15 15.7 ± 0.8 6.28 ± 0.29 64.1 ± 2.3 

CBZ/PABA 4:1 7.90 ± 0.21 23.1 ± 1.3 2.61 ± 0.14 22.2 ± 1.4 

All units are in mol/min/cm
2
. Presented data are average values of 10 trials for each 

form. Pure PABA samples were fully dissolved before 1 hour. The initial rates of 

dissolution are determined from the first minute. The dissolution rates after 1 hour are 

determined between 55 minutes and 60 minutes. 

 

In opposition to the notion that an increase of the PABA stoichiometry would promote 

drug dissolution, although the PABA dissolution rates of cocrystals presented positive 

correlation with PABA stoichiometry, CBZ/PABA 4:1, the cocrystal with the lowest 

PABA stoichiometric ratio, exhibited the highest CBZ dissolution rate at all times, 

whereas CBZ/PABA 2:1 showed the lowest CBZ dissolution rate among the three 

cocrystals. Notably, for all CBZ/PABA cocrystal samples, the ratios of CBZ 

dissolution rates compared to PABA dissolution rates are always lower than the 

CBZ:PABA cocrystal stoichiometry. This result indicates that CBZ/PABA cocrystal 

dissolution in PBS is not a simple one-step process; either the two cocrystal 

components do not dissolve congruently, or form conversion and/or precipitation occur 

during dissolution. 

In order to elucidate possible solid form conversion during dissolution, in-situ Raman 

spectroscopy and ex-situ PXRD characterization were applied to examine solid form 

present in the dissolution pellet. Formation of CBZ dihydrate on the surface of CBZ III 
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and all CBZ/PABA cocrystals was observed by in-situ Raman spectroscopy during 

dissolution (Figure 2.18). These observations can be rationalized by generation of CBZ 

supersaturation with respect to CBZ dihydrate in the dissolution layer leading to 

precipitation on the sample surface; such observations mirror those reported in the 

cases of CBZ/nicotinamide and CBZ/saccharin cocrystals.
33, 41

 This outcome is 

supported by analysis of the remaining samples after 1 hour of dissolution in which 

physical mixtures of the original form and CBZ dihydrate were identified by both 

Raman spectroscopy and PXRD. With CBZ dihydrate covering the sample surface, a 

smaller effective dissolution surface area of the original form is obtained, resulting in a 

drop in CBZ III and CBZ/PABA cocrystal dissolution rates. For the same reasons, the 

CBZ and PABA dissolution rates measured do not track the cocrystal stoichiometry, 

since part of the dissolved CBZ in the dissolution layer precipitates on the pellet surface 

as CBZ dihydrate. This is not the sole effect reducing dissolution rate with time as the 

concentration of CBZ in the dissolution medium is sufficient to be influencing the 

dissolution rates (this is evident for CBZ dihydrate). These effects are smaller during 

initial dissolution and so the behavior of the CBZ component more closely mirrors the 

intrinsic properties of samples. In these case CBZ dissolution rates increase in the order: 

CBZ/PABA 2:1 < CBZ/PABA 1:1 < CBZ/PABA 4:1. Clearly there is no correlation 

between the cocrystal stoichiometry and drug dissolution rate. 
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Figure 2. 18 In-situ Raman spectra for CBZ/PABA (a) 1:1, (b) 2:1 and (c) 4:1 cocrystal 

dissolution. Formation of CBZ dihydrate on all CBZ/PABA cocrystal surfaces during 

dissolution was detected. The CBZ dihydrate was featured by the characteristic peaks 

between 370 cm
-1

 and 400 cm
-1

. 

(a) 

(b) 

(c) 
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2.2.3.3 Dissolution Experiments in Acetonitrile 

In order to obtain dissolution profiles directly mirroring sample properties without the 

disturbance of phase conversion to CBZ dihydrate, dissolution experiments of all 

samples were conducted in acetonitrile. In acetonitrile at 20 °C the solubility of CBZ III 

is 35.2 g/L and that of PABA I is 62.2 g/L.
42, 43

 PABA still exhibits higher solubility 

than CBZ, but compared to the case in PBS the differences in solubility is much smaller. 

In contrast to observations in PBS, the CBZ and PABA dissolution profiles in 

acetonitrile were linear with constant slope (within the limit of instrument linearity) 

corresponding to the dissolution rate indicating constant dissolution behavior (Figure 

2.19). In addition, CBZ and PABA dissolution rates of all cocrystal samples in 

acetonitrile mirror the cocrystal stoichiometric ratios (Table 2.3), indicating that both 

components dissolved congruently. The hypothesis that CBZ dissolution can be 

improved by the increase of PABA stoichiometry was again disproved, since 

CBZ/PABA 4:1, the cocrystal with the lowest PABA stoichiometric ratio, again 

presented the highest drug dissolution rate. The dissolution rate of CBZ in CBZ/PABA 

2:1, which might be expected to be higher than pure CBZ III because the presence of 

PABA coformer, turns out to be the lowest among all samples. 
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Figure 2. 19 Representative CBZ/PABA cocrystal dissolution profiles in acetonitrile. 

Only data of the first 2 minutes are presented to avoid the region of strongly saturated 

UV-Vis absorption. 
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Table 2. 3 CBZ/PABA dissolution rates (average ± standard error of the mean) in 

acetonitrile 

Rate of Dissolution 

(mmol/min/cm
2
) 

CBZ PABA 

CBZ III 4.62 ± 0.06 — 

CBZ dihydrate 7.31 ± 0.08 — 

PABA  I — 11.4 ± 0.1 

CBZ/PABA 1:1 5.65 ± 0.13 5.62 ± 0.13 

CBZ/PABA 2:1 4.31 ± 0.04 2.17 ± 0.02 

CBZ/PABA 4:1 8.89 ± 0.13 2.27 ± 0.04 

The dissolution rates are much higher compared to those in PBS, and all units are in 

mmol/min/cm
2
. 

 

With regard to the dissolution behavior of CBZ/PABA cocrystals in acetonitrile, 

CBZ/PABA 4:1 showed the highest CBZ dissolution rate, which is attributed to the 

relatively weak intermolecular interactions implied by its schizophilic behavior. 

CBZ/PABA 2:1 presented the lowest dissolution rate in both PBS and acetonitrile 

dissolution experiments. In fact CBZ/PABA 2:1 does not display improved drug 

dissolution in acetonitrile relative to CBZ III. It was also noticeable that unlike the 

incongruent dissolution in PBS, where dissolution rates of the more soluble PABA in 

cocrystals were in positive correlation with PABA stoichiometry (regardless of the 

CBZ dissolution rate), the PABA dissolution rates of all three cocrystals in 

acetonitrile no longer follow the order of PABA proportion in cocrystal. This result 

can be attributed to the fact that PABA solubility in acetonitrile is not significantly 

higher than that of CBZ (minimal differential driving force for dissolution) and thus the 

dissolution disadvantage resulting from the strong intermolecular interactions in the 2:1 

cocrystal could not be overcome by the small advantage imparted by improved PABA 

solubility. 
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2.3 Conclusions 

A CBZ/PABA cocrystal of 4:1 stoichiometry has been discovered and structurally 

characterized. Stability studies showed that the novel form is schizophilic and converts 

readily to a mixture of pure CBZ and alternative stoichiometries of CBZ/PABA upon 

being wetted by solvent. CBZ/PABA cocrystallization system is an uncommon case 

where 3 non-solvate cocrystal stoichiometries can be achieved. Although 

cocrystallization is known to be an applicable technique to improve the solubility and 

dissolution properties of poorly soluble drugs, in the dissolution experiments of 

CBZ/PABA cocrystals in PBS and acetonitrile, it is demonstrated here that the factors 

influencing the cocrystal dissolution behavior are complex, and cocrystallization with a 

more soluble coformer does not necessarily improve drug dissolution. In particular 

when the difference in solubility between the drug and the coformer is not large (in 

acetonitrile), the intermolecular interactions within the crystal lattice are a critical 

factor influencing cocrystal dissolution. Therefore, the stoichiometry of a soluble 

coformer cannot be used as a straightforward criterion to estimate the cocrystal 

dissolution behavior, and consequently, increasing coformer stoichiometry in a 

cocrystal is not a reliable approach to optimizing drug solubility and dissolution. On the 

other hand, greater attention to kinetic growth methods should be paid for cocrystal 

screening in attempt to optimize bioavailability of poorly soluble drugs, since crystal 

dissolution can benefit from the weak intermolecular interactions in the 

thermodynamically unstable forms. 

 

2.4 Experimental 

 

2.4.1 Materials 

Carbamazepine (99%) and PABA (99%) were purchased from Acros Organics (New 

Jersey, USA). Ethanol was purchased from Decon Laboratories, Inc. Chloroform, 
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methanol and acetonitrile were obtained from Fisher Scientific (Pittsburgh, PA). 

NaH2PO4·H20 and Na2HPO4·7H20 were purchased from Sigma (St. Louis, MO). 

NaH2PO4/Na2HPO4 10 mM phosphate-buffered saline (PBS) at pH 7.0 was prepared 

by dissolving 0.584 g NaH2PO4·H2O and 1.547 g Na2HPO4·7H2O in 1 L deionized 

water. 

 

2.4.2 Crystallization Methods 

The known CBZ/PABA 1:1 and 2:1 cocrystals were synthesized by solution-mediated 

phase conversion from slurries prepared by adding CBZ and PABA in corresponding 

stoichiometries to filtered co-saturated CBZ-PABA-ethanol solution and stirring the 

samples for 2 days; the cocrystals can be obtained after filtration. The CBZ/PABA 4:1 

cocrystal was first found by slow evaporation of a 0.2 M CBZ:0.1 M PABA ethanol 

solution at room temperature. The solution was prepared by dissolving 47.2 g/L CBZ 

and 13.7 g/L PABA in 1 mL ethanol at 70 °C. Pure samples of CBZ/PABA 4:1 for 

characterization and dissolution experiments were prepared by slowly evaporating an 

anhydrous methanol solution of 23.63 g/L CBZ and 3.43 g/L PABA. 

 

2.4.3 Powder X-Ray Diffraction 

Powder X-ray diffraction (PXRD) patterns were collected using a Rigaku R-Axis 

Spider diffractometer with an image plate detector and graphite monochromated 

Cu-K radiation ( = 1.54187 Å) at 40 kV and 44 mA. Samples were mounted on a 

CryoLoop
TM

 using heavy mineral oil for data collection. Images were collected for ten 

minutes with a 0.3 mm collimator. The -axis was oscillated between 120° and 180° at 

1°/sec, the -axis was rotated at 10°/sec, and -axis was fixed at 45°. The obtained 

images were integrated from 2.5 to 70° with a 0.1° step size in AreaMax 2.0 (Rigaku). 

All powder patterns were processed using Jade 9 XRD Pattern Processing, 
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Identification & Quantification analysis software from Materials Data, Inc. The 

simulated powder patterns of reported forms were calculated in Mercury 3.3 from the 

CCDC, and were compared with the experimental powder patterns in Jade 9. 

 

2.4.4 Raman Microspectroscopy 

Raman spectra were collected by using a Renishaw inVia Raman system equipped with 

a Leica microscope, a RenCam CCD detector and a 633 nm laser employing an 1800 

lines/nm grating and a 50 m slit. Spectra were obtained using the WiRE 3.4 software 

package. Calibration was performed with a silicon standard in static mode. Full spectra 

were collected through an Olympus SLMPlan 20× objective in extended scan mode in 

the range of 100-4000 cm
-1

, and further analyzed by ACD/SpecManager Version 12.01 

software from Advanced Chemistry Development, Inc. 

 

2.4.5 Nuclear Magnetic Resonance (NMR) Spectroscopy Analysis 

1
H NMR spectroscopy was conducted by dissolving the obtained new form into 

chloroform-d. NMR data were obtained using a 500 MHz Varian Inova NMR 

spectrometer. 

 

2.4.6 Single Crystal X-Ray Diffraction (XRD) 

Colorless single crystal needles of CBZ/PABA 4:1 cocrystals were grown by 

evaporation of an ethanol solution of 23.63 g/L CBZ and 3.43 g/L PABA concentration. 

A crystal of dimensions 0.28 × 0.02 × 0.02 mm was mounted on a Rigaku AFC10K 

Saturn 944+ CCD-based X-ray diffractometer equipped with a low temperature device 

and Micromax-007HF Cu-target micro-focus rotating anode ( = 1.54187 A) operated 

at 1.2 kW power (40 kV, 30 mA). The X-ray intensities were measured at 85(1) K with 

the detector placed at a distance 42.00 mm from the crystal. A total of 4214 images 
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were collected with an oscillation width of 1.0 in The exposure times were 15 sec. 

for the low angle images, 60 sec. for high angle. The integration of the data yielded a 

total of 39336 reflections to a maximum 2 value of 136.44 of which 2509 were 

independent and 1932 were greater than 2(I). The final cell constants (Table 2.1) were 

based on the xyz centroids 15040 reflections above 10(I). Analysis of the data showed 

negligible decay during data collection; the data were processed with CrystalClear 2.0 

and corrected for absorption. The structure was solved and refined with the Bruker 

SHELXTL (version 2014/6) software package, using the space group C2/c with Z = 8 

for the formula (C14H12N2O), 0.25(C7H7NO2). All non-hydrogen atoms were 

refined anisotropically with the hydrogen atoms placed in idealized positions. The 

PABA moiety is poorly ordered and was placed as a variable metric rigid group in two 

orientations further disordered by being located near an inversion center.  Full matrix 

least-squares refinement based on F2 converged at R1 = 0.1624 and wR2 = 0.4071 

[based on I > 2sigma(I)], R1 = 0.1811 and wR2 = 0.4235 for all data. Additional details 

are presented in Table 2.1 and are given as Supporting Information in a CIF file. 

Acknowledgement is made for funding from NSF grant CHE-0840456 for X-ray 

instrumentation. 

 

2.4.7 Grinding and Solvent-Assisted Grinding Experiments 

CBZ and PABA were combined in 1:1, 2:1 or 4:1 stoichiometric ratio, with 2 drops of 

solvent (methanol, ethanol or acetonitrile) added in solvent-assisted grinding 

experiments, and mixed in a 1 inch stainless steel grinding jar with a 6.25 mm stainless 

steel grinding ball by a DENTSPLY BY RINN CRESCENT 3110-3A Wig-L-Bug 

mixer mill at the rate of 60 Hz for 30 min. For grinding experiments of 4CBZ:1PABA, 

seeds of CBZ/PABA 4:1 were added in 3 trials to overcome possible kinetic barriers. 

The obtained crystals were characterized by both Raman spectroscopy and PXRD 

analysis. 
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2.4.8 Solution-mediated Phase Conversion 

Solvent (methanol, ethanol and acetonitrile) were added to CBZ and PABA with 1:1, 

2:1 and 4:1 stoichiometries to scale up corresponding cocrystals, and the slurries were 

stirred by magnetic stir bars. The solids were characterized both after 1 day and after 1 

week. After CBZ/PABA 2:1 and CBZ III present as the stable forms in the slurries of 

excess 4CBZ:1PABA in filtered ethanol, acetonitrile and chloroform solution 

co-saturated by both CBZ/PABA 2:1 and CBZ, CBZ/PABA 4:1 cocrystals were added 

to the slurries, which dissolved into solution and formed CBZ/PABA 2:1 and CBZ III, 

rather than driving the conversion of the existing mixtures to CBZ/PABA 4:1. 

 

2.4.9 Differential Scanning Calorimetry (DSC) 

Thermograms of all samples were recorded on a TA Instruments Q20 DSC. The 

thermal properties of the cocrystal samples, which were placed in hermetically-sealed 

aluminum pans, was tested under nitrogen purge and with a heating rate of 10 °C min
-1

 

from 40 °C to 200 °C. The instrument was calibrated with an indium standard. 

 

2.4.10 Hot Stage Experiment Combined with Raman Spectroscopy 

CBZ/PABA cocrystal samples were placed on a LTS350 hotstage from Linkam 

Scientific Instruments Ltd equipped on the Renishaw inVia Raman microscope. 

Samples were heated from 80 °C to 110 °C with a 1 °C min
-1

 heating rate. The exposure 

time for Raman spectroscopy was 5 seconds with a static scan centered at 520 cm
-1

. 

 

2.4.11 Dissolution Experiments 
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2.4.11.1. Dissolution Monitored by In-situ UV-Vis Spectra with Simultaneous 

Raman Spectra 

A Pion Rainbow Dynamic Dissolution Monitor
®
 System, which can simultaneously 

collect UV-vis spectra from different solutions during dissolution, was utilized to 

investigate the dissolution behavior of CBZ III, CBZ dihydrate, PABA I, CBZ/PABA 

1:1, 2:1 and 4:1 cocrystals. The path length of the probe tips was 2 mm. To draw 

standard curves for calibration, UV-vis spectra of a series of CBZ and PABA solutions 

with various concentrations in corresponding solvent (phosphate-buffered saline or 

acetonitrile) were collected by immersing probes into jars with 150 mL standard 

solutions agitated by magnetic stir bars. Pellets for dissolution experiments were 

prepared by compressing samples of approximately 2 mm thickness in dies at 200 psi 

for 5 minutes to form a smooth 0.0707 cm
2
 disk. The dies were then set in FO miniBath 

magnetic stir bars such that only the smooth sample surface was in contact with the 

solution. All dissolution experiments were conducted by rotating the compressed 

pellets at a 300 rpm speed in 10 mL PBS or acetonitrile at room temperature. The 

probes were held above the top of the rotating samples without direct contact. For 

experiments in PBS, 120 UV-vis spectra with 10 second collection intervals were first 

collected, followed by 8 spectra with 5 minutes intervals. For experiments in 

acetonitrile, 100 UV-vis spectra with 10 seconds intervals were collected. 

Simultaneous Raman spectra were taken to monitor phase conversion during the 

dissolution process in PBS with a Kaiser Raman RXN System equipped with an 

Invictus
TM

 785 nm NIR laser and a non-contact optics with a 20× objective. All spectra 

were taken with 10 acquisitions with 1 s exposure time for each acquisition. 

 

2.4.11.2 Dissolution Experiments in PBS 

To resist pH decrease resulting from PABA dissolving into the solution, a 10 mM PBS 

solution with pH 7.0 was applied as the medium for the dissolution experiments, and 

pH meter measurements before and after dissolution showed that the changes in pH 
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were smaller than 0.1. In-situ UV-Vis and Raman spectroscopy were applied to 

monitor the dissolution process of all samples. Spectra of standard solution with known 

concentration prepared by dissolving CBZ and PABA in buffer respectively have been 

collected ahead for calibration. The absorbance at 268 nm and 284 nm was selected for 

calculating CBZ and PABA concentration in PBS. Formation of CBZ dihydrate was 

observed on the surfaces all CBZ/PABA cocrystal samples by in-situ Raman 

spectroscopy. 

 

2.4.11.3 Dissolution Experiments in Acetonitrile 

Since the UV-Vis absorption spectra of CBZ and PABA in acetonitrile is different from 

that in PBS, the absorbance at 240 nm and 284 nm instead of 268 nm and 284 nm has 

been selected for calculation. 
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Chapter 3. Solid State Studies of a Novel Nitric Oxide Releasing 

Crystal/Polymer Composite with Enhanced Stability 

Wo, Y.; Li, Z.; Brisbois, E. J.; Colletta, A.; Wu, J.; Major, T. C.; Xi, C.; Bartlett, R. 

H.; Matzger, A. J.; Meyerhoff, M. E. "Origin of Long-Term Storage Stability and 

Nitric Oxide Release Behavior of CarboSil Polymer Doped with 

S-Nitroso-N-acetyl-D-penicillamine" ACS App. Mater. Interfaces, 2015, 7 (40), pp 

22218-22227 (collaboration) 

All solid state analysis in this chapter, including optical microscopy, Raman 

spectroscopy, PXRD characterization and formula derivation were conducted by the 

dissertation author. All figures in the chapter except for Figure 3.1, 3.3 and 3.16 are 

constructed by the dissertation author. 

 

3.1 Introduction 

Biomedical devices that will contact with blood, ranging from simple catheters to 

complex extracorporeal life support systems, are vital in daily medical care.
1
 However, 

complications related to blood/surface interactions, such as pulmonary embolism, 

stroke and deep vein thrombosis, can be associated with the use of indwelling 

blood-contacting medical devices.
2
 Biofilm associated infections are another issue 

that can cause increased morbidity and death.
3
 Therefore, approaches to reduce the 

risk of these complications and create nonthrombogenic and antimicrobial prosthetic 

surfaces should be developed.
2
 

 

It has been discovered that the gaseous signaling molecule, nitric oxide (NO), as an 

endothelium-derived relaxing factor (EDRF), plays an important role in a series of 
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physiological processes (Figure 3.1), such as inhibiting platelet activation and 

adhesion, preventing bacterial growth, reducing smooth cell proliferation, regulating 

complex biological processes, etc.
4-28

 Therefore, the ubiquity and chemical simplicity 

of NO have made it a promising therapeutic agent. The flux of NO released from a 

healthy endothelium lining has been estimated to be between 0.5 and 4.0 × 10−10 

mol cm
-2

 min
-1

.
6, 29-31

 Due to the high reactivity and short half-life of NO under 

physiological conditions, developments of NO releasing materials are in need to 

achieve sustained NO release at the physiological flux level, in order to increase the 

hemocompatibility of blood-contacting devices.
6, 32

 

 

Figure 3. 1 NO plays an important role in a series of physiological processes. 

 

A wide range of NO donors, including S-nitrosothiols (RSNO) and 

N-diazeniumdiolates (NONOate), have been studied for NO releasing purposes. These 

compounds can be incorporated into polymers to provide continuous and localized 

NO delivery to specific sites of interest.
5, 9, 20, 33

 S-nitroso-N-acetylpenicillamine 
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(SNAP), a synthetic tertiary RSNO that can decompose and release NO via thermal 

decomposition, metal ion catalysis and photolysis, is more stable with respect to the 

loss of NO than other primary and secondary RSNOs, because of the steric hindrance 

effect imposed by the gem methyl group on the dimerization of the radicals that leads 

to the formation of the sulfur bridge, as well as the hindered rotation of the R-S-N-O 

linkage.
5, 6, 15, 34, 35

 Based on literature, the acetamide group in SNAP also helps to 

increase the S-NO bond strength and reduce the NO liability.
36

 The overall reaction of 

SNAP decomposition can be expressed as 

2SNAP → 2NO + NAP disulfide 

 

Figure 3. 2 Chemical structures of (a) RSNO and (b) SNAP. 

 

The Meyerhoff lab has achieved stabilization of SNAP by doping SNAP within low 

water uptake polymers, for instance Elast-eon E2As, a siloxane-base polyurethane 

elastomer.
6
 The polymer film doped with SNAP, produced by the solvent evaporation 

method, exhibits relatively high stability during shelf-life studies, with 82% of the 

initial SNAP remaining after 2 months of dry storage at 37 °C. Such polymers can be 

coated onto the shelf biomedical devices to improve their hemocompatibility. 

However, studies on the microstructure of such polymer films have not been 

conducted, and the details of the film solid state chemistry and SNAP decomposition 

in the polymer remain unclear. Previously, one hypothesized mechanism of the SNAP 

stabilization and extended NO release has been proposed based on the cage effect of 

the polymer viscosity on the S-NO bond cleavage and radical pair formation. With 

mobility restricted by the polymer matrix, the primary radicals formed by the soluble 

(b) (a) 



 

62 

SNAP molecules in the polymer microenvironment might be favored to recombine 

rather than to escape from the solvent cage. 

 

CarboSil 20 80A (CarboSil) is a thermoplastic silicone polycarbonate-urethane with a 

mix of soft segments of poly(dimethylsiloxane) and polycarbonate as well as a hard 

segment of methylene diphenyl isocyanate, combines the biocompatibility and 

biostability of silicone elastomers and processing capability and toughness of 

carbonate-urethanes. In this work, SNAP has been doped onto three selected 

biomedical grade polymers with low water uptake, and among all the samples 

SNAP-doped CarboSil film shows most exceptional performance in shelf-life and NO 

release study: 10 wt% CarboSil films maintain 91.8 ± 3.2% of the initial SNAP after 

ethylene oxide sterilization, compared to 82.7 ± 3.8% for the Elast-eon 5-325 (E5-325, 

a silicone based polyurethane elastomer) films and 78.7 ± 3.1% for the silicone rubber 

(SR, polydimethylsiloxane) films (Figure 3.3). Therefore, SNAP-doped CarboSil has 

been selected as the model to investigate the stability mechanism of SNAP doped in 

polymers. A series of solid state characterization experiments have been conducted, 

and a crystallization based mechanism has been proposed to account for stability and 

controlled release. 
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Figure 3. 3 Shelf-life study of 10 wt% SNAP-doped CarboSil, SR and E5-325 films 

stored dry (with desiccant) in the dark at 37 °C. The SNAP remaining in the films after 

various time points is determined and compared with the initial level. Data are mean ± 

SEM (n=3). 

 

3.2 Results and Discussion 

 

3.2.1 Crystalline SNAP in CarboSil 

Under a polarized light microscope, distinguishable crystalline patterns were detected 

in films of 5 wt % SNAP-doped CarboSil films, while such patterns could not be 

found within the blank CarboSil references (Figure 3.4). Therefore, it was proposed 

that SNAP crystallized in the polymer matrix during the solvent evaporation process, 

as opposed to all dissolving in the polymer and forming a homogeneous matrix as 

previously believed. 



 

64 

 

Figure 3. 4 Optical image of (a) blank CarboSil and (b) 5 wt% SNAP-doped CarboSil 

film surface taken under crossed polarizers in combination with a quarter-wave plate. 

The 5 wt% film clearly shows patterns which suggest the presence of crystalline 

structures. 

 

Raman spectra of SNAP crystals, blank CarboSil film and 15 wt % SNAP-doped 

CarboSil film were compared to clarify the constituents within the SNAP-doped 

CarboSil firms. Characteristic peaks of both CarboSil and crystalline SNAP were 

detected in the 15 wt % SNAP-doped CarboSil film, which further substantiates the 

existence of crystalline SNAP within the polymer film (Figure 3.5). Raman 

spectroscopy provides information of chemical composition in a small area. Since it 

can be seen from optical images that the distribution of crystalline patterns in the 

SNAP-doped CarboSil films are not uniform, other techniques that reflect the average 

behavior of the sample rather than a specific small region are needed for 

characterization. 

(a) (b) 
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Figure 3. 5 Raman spectra comparison among SNAP powder, blank CarboSil and 15 

wt% SNAP-doped CarboSil. The main difference in Raman scattering lies between 

500-600 cm
-1

 (see inset), which was used in the static scan for as characteristics for 

locating the existence of SNAP crystals. 

 

In order to identify the crystalline form of SNAP in CarboSil observed by Raman 

spectroscopy and to improve the detection limit, PXRD analysis, which is sensitive to 

the presence of crystals, was applied to samples of SNAP crystals, blank CarboSil and 

SNAP-doped CarboSil films. There are two polymorphs of SNAP reported in 

literature: the orthorhombic form and the monoclinic form.
37, 38

 The PXRD patterns of 

synthesized SNAP crystal samples agreed with the simulated pattern of the 

orthorhombic form (Figure 3.6). 
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Figure 3. 6 PXRD pattern comparison for grounded SNAP powder, simulated 

orthorhombic SNAP and simulated monoclinic SNAP. The powdered SNAP used for 

this study is the orthorhombic polymorph. 

 

For SNAP-doped films with greater than 4 wt % SNAP loading, the obtained PXRD 

patterns present a convolution of blank CarboSil and the orthorhombic SNAP patterns 

(Figure 3.7). It has been suggested that, in orthorhombic SNAP, all SNAP molecules 

are symmetry equivalent. Each SNAP molecule is connected to surrounding SNAP 

molecules by hydrogen bonding formed by the carboxyl and the amide groups, which 

build up infinite sheet layers of SNAP (Figure 3.8).
37

 Therefore, SNAP molecules 

become stabilized in such packing motif. 
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Figure 3. 7 PXRD patterns of SNAP powder, blank CarboSil and 15 wt% 

SNAP-doped CarboSil film samples. The pattern of the 15 wt% SNAP/CarboSil film 

demonstrates the existence of orthorhombic SNAP crystals imbedded in the polymer. 

 

 

Figure 3. 8 Packing of orthorhombic SNAP crystals. All SNAP molecules are 

symmetry equivalent, being connected to each other by hydrogen bonds between the 

carboxyl group and the amide group. 
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3.2.2 A Crystallization Based Stability Mechanism 

The PXRD patterns of SNAP-doped CarboSil samples suggested that, for films with 

greater than 4 wt % SNAP, as the amount of doped SNAP in polymer increased 

within the range of detection, the intensity of orthorhombic SNAP peaks in the 

obtained PXRD pattern is enhanced, indicating an increased amount of crystalline 

SNAP rather than solubilized SNAP within the polymer films. However, for samples 

with doped SNAP smaller than 4 wt % loading, SNAP peaks could barely by detected 

in PXRD patterns (Figure 3.9). Since all SNAP-doped CarboSil films, including those 

with SNAP loading lower than 4 wt %, present a light green color corresponding to 

the existence of SNAP, while crystalline SNAP can only be found in samples above 

certain threshold, it is speculated that SNAP can be partially dissolved in the polymer 

and forms a homogeneous polymer solution. When the SNAP loading is beyond the 

polymer solubility limit, excess SNAP crystallizes in the orthorhombic form during 

the solvent evaporation process and embeds in the polymer (Figure 3.10). This 

hypothesis is in agreement with the Raman spectroscopy and PXRD characterization 

results that crystalline SNAP can be detected only when the SNAP concentration 

exceeds the threshold. 
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Figure 3. 9 PXRD patterns of SNAP powder, blank CarboSil and SNAP-doped 

CarboSil film samples of different weight percentages (1-15 wt%) were collected and 

here are a few typical examples for the patterns. Sample peaks were able to be clearly 

distinguished when the SNAP weight percentage is no less than 4 wt%. 

 

Figure 3. 10 Schematic representation of blank CarboSil and SNAP doped CarboSil 

with different loadings. Blank CarboSil samples are colorless transparent films. As 

the SNAP loading increases, SNAP dissolves into CarboSil and forms a polymer 

solution with higher concentration. Once SNAP loading reaches its solubility limit in 

CarboSil, excess SNAP forms crystals embedded in the polymer. 
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To calculate the SNAP solubility in the CarboSil polymer, PXRD analysis was 

applied to SNAP-doped CarboSil films with various loadings. Based on the following 

assumption that (1) crystalline SNAP is uniformly distributed in the CarboSil films 

and that (2) the preferred orientation of SNAP crystals in CarboSil could be 

eliminated by cutting samples into cubes as well as rotating and oscillating the 

samples during PXRD characterization, the ratio of peak area of a specific SNAP 

peak at a chosen 2 angle over the total area of the obtained pattern would be 

proportional to the weight percentage of crystalline SNAP in the sample (Figure 3.11). 

The advantage of using the area ratio as a quantitative representation is to eliminate 

all the other factor that could affect the peak area (for instance, the volume of the 

sample irradiated by the X-ray source, the exposure time of sample under the X-ray, 

etc.), and the only influencing factor would be the proportion of crystalline SNAP in 

the polymer. Here, we set the doped SNAP weight percentage as 𝑥 and the ratio of 

the 𝑘𝑡ℎ orthorhombic SNAP peak area over the SNAP-doped CarboSil pattern total 

area as 𝑦𝑘, and then 𝑦𝑘 can be calculated as: 

𝑦𝑘 =
𝑘𝑡ℎ SNAP peak area

total SNAP peaks area + CarboSil pattern area
=

𝑎𝑘(𝑥 − 𝑥0)

𝑎(𝑥 − 𝑥𝑜) + 𝑏(1 − 𝑥)
 

 

For a PXRD pattern of a sample with a unit volume and taken with a unit exposure time, 

𝑎𝑘, 𝑎 and 𝑏 correspond to the area of the 𝑘𝑡ℎ peak in the orthorhombic SNAP pattern, 

the total area of all orthorhombic SNAP peaks, and the total area of blank CarboSil 

pattern, respectively. The term 𝑥𝑜 is the SNAP solubility in SNAP-CarboSil solid 

solution system in the percentage representation. As a result, for any SNAP-doped 

CarboSil sample, 𝑎𝑘(𝑥 − 𝑥0) represents the area of the 𝑘𝑡ℎ orthorhombic SNAP 

peak in the pattern, 𝑎(𝑥 − 𝑥𝑜) represents the area of all signals from orthorhombic 

SNAP, and 𝑏(1 − 𝑥) represents the area of all signals from CarboSil in this sample. 

Since 𝑦𝑘 is a ratio of areas, which is independent of sample volume and exposure time, 

etc., the only factor that influences 𝑦𝑘 is the SNAP weight percentage 𝑥 in the 
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prepared CarboSil films. By substituting various 𝑥 and 𝑦𝑘 at chosen 2 angles, 𝑎𝑘, 𝑎, 

𝑏 and 𝑥𝑜 can be determined. 

 

Figure 3. 11 SNAP solubility in CarboSil films prepared by solvent evaporation was 

calculated based on the ratio of selected SNAP peak area over the total area of the 

sample pattern. 

 

A linear least-squares regression was conducted using three dominant characteristic 

peaks (2 = 9.5, 14.5, 14.9), and the calculated solubility is 3.6, 3.5 and 3.9 wt %, 

respectively (Figure 3.12). The 𝑎 values calculated using three different SNAP peaks 

were 0.099, 0.082 and 0.102, respectively, and the 𝑏 values were 13.0, 12.9 and 13.0, 

respectively. As both values are within the error of tolerance, it suggests that the 

derived equation and the fitting model are successful quantitative representations of 

the doped polymer system. Allowing the influence of crystal orientation in the sample 

that could affect the result, the solubility of SNAP in CarboSil was ca. 3.4-4.0 wt %. 
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Figure 3. 12 Correlation of data obtained by powder X-ray diffraction for SNAP in 

CarboSil. Linear regression lines were fitted using least squares approach. The 3 most 

prominent orthorhombic SNAP peaks were chosen to do the fitting (2 = 9.5, 14.5 and 

14.9) and the calculated SNAP solubility in CarboSil polymer was 3.6 wt%, 3.5 wt% 

and 3.9 wt%, respectively. 
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In this crystalline based hypothesis, the crystal lattice energy of the crystalline form is 

the key for the improved SNAP stability. It is proposed that the solubilized SNAP 

behaves as a solute, which is more reactive at ambient conditions than the crystalline 

SNAP. As the solubilized SNAP in the polymer decomposes and releases NO, the 

SNAP crystals embedded in the CarboSil are driven to gradually dissolve into the 

polymer layer (Figure 3.13). Characterizing the stabilities of SNAP-doped CarboSil 

films further verifies the hypothesis that solubilized SNAP decomposes faster. PXRD 

analysis was conducted for freshly prepared 5 and 15 wt % SNAP-doped CarboSil 

samples as well as the samples stored under ambient light at room temperature for 10 

days under the same conditions. For 5 wt % fresh samples, most of the SNAP added 

during the film preparation is dissolved in the polymer, which is liable and more 

likely to decompose via thermal decomposition and photolysis. However, for the 15 

wt % SNAP films, most of the SNAP in the film (ca. 11-12 wt %) stays in the 

crystalline state and is stabilized by the intermolecular interactions in the 

orthorhombic form. After 10 days, the 5 wt % sample faded from green color to pale 

green corresponding to the loss of SNAP, while there was no obvious change in color 

for the 15 wt % sample. The percentage of SNAP remaining in the 5 and 15 wt % 

films after 10 days under ambient light is 19.8 and 83.2 wt % of the initial amount, 

respectively, which corresponds to the approximate initial amount of crystalline 

SNAP in each fresh sample. The attenuation of orthorhombic SNAP peaks of the 

SNAP-doped CarboSil films relative to the fresh samples is minor compared to the 

total loss (Figure 3.14). The results validate that the lost SNAP is mainly the SNAP 

dissolved in CarboSil. The decrease of SNAP remaining in the 15 wt % sample is less 

significant than that in the 5 wt %, is the result of the greater proportion of SNAP 

crystals in the 15 wt % sample that hinders the photolysis of solubilized SNAP. 
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Figure 3. 13 Schematic diagram of SNAP decomposition in CarboSil. In CarboSil 

films with low SNAP loading, most SNAP molecules are dissolved in polymer and 

decomposes fast. In CarboSil films with high SNAP loading, greater proportion of 

SNAP is in the crystalline state, which undergoes slow decomposition process. 
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Figure 3. 14 PXRD patterns of (a) 5 wt % and (b) 15 wt % SNAP-doped CarboSil 

samples freshly prepared and stored under ambient light at room temperature for 10 

days under the same conditions. 

 

Raman mapping characterization using static scans was employed to determine the 

2D representation of the SNAP crystal distribution inside of the 3 and 5 wt % 

SNAP-doped CarboSil films (Figure 3.15). The green regions represent regions with 

signal corresponding to crystalline SNAP, which are found in large quantities only in 

(b) 

(a) 
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the 5 wt % SNAP/CarboSil films, but not in 3 wt % films. This finding correlates with 

the PXRD peak area fitting results which indicate that the solubility of SNAP in 

polymer is 3.4-4.0 wt %. However, the exact grain sizes of the SNAP crystals could 

not yet be quantified by this method because the focal depth of the laser is likely to 

exceed the grain size of the crystal. Thus, the crystalline SNAP signal could represent 

crystals from both the surface and deeper within the polymer phase, which results in 

difficulty in distinguishing any individual crystal from overlaid crystals. 

 

Figure 3. 15 Raman mapping results for fitting of cross section of (a) 3 wt% and (b) 5 

wt% SNAP-doped Carbosil films with pure orthorhombic SNAP spectrum as the 

reference under 100× objective. Green represents areas fitting the crystalline SNAP 

spectrum. 

 

3.2.3 Solid State Analysis of SNAP-doped PVC/DEHP Polymer Systems 

The crystallization based mechanism of SNAP stability in doped polymers is also 

supported by studies in a SNAP-doped polyvinyl chloride (PVC)/di-2-ethylhexyl 

phthalate (DEHP) composite. Terumo Sarns™ cannulae is a commercial catheter used 

in medical applications such as cardiac surgery where it removes de-oxygenated blood, 

sends it to the heart-lung machine, and returns oxygenated blood to the patient. It is 

manufactured using PVC plasticized with DEHP. Adding SNAP to this polymer in 

order to create an NO releasing surface has the potential to improve the 

hemocompatibility of the catheter by reducing platelet activation and bacterial adhesion. 

The shelf-life study of SNAP-doped PVC/DEHP films demonstrated that samples with 

(b) (a) 
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3.6wt% SNAP were stable; after 1 month of storage, 98.1 ± 0.8% at room temperature 

and 88 ± 0.5% at 37 °C of the initial SNAP was retained in the sample (Figure 3.16). In 

contrast, samples doped with 1.3 wt% SNAP were less stable overall, retaining 

approximately 70.4 ± 8.3% and 60.4 ± 10.3% of the initial SNAP at room temperature 

and 37 °C, respectively. Such result indicates that retaining a higher loading of the 

initial SNAP is critical to maintaining effective NO release levels needed for potential 

biomedical applications, which agrees with our previous stability study of 

SNAP-doped CarboSil films. Therefore, solid state characterization has been 

conducted on SNAP doped PVC-DEHP films. 

 

Figure 3. 16 Stability of 1.3 and 3.6 wt% SNAP in the PVC-DEHP polymer matrix, 

where samples were stored dry either at room temperature (RT, 25 °C) or 37 °C with 

desiccant. Samples were dissolved in DMAc to rapidly determine the amount of SNAP 

remaining at various times (compared to the initial SNAP amount) using UV-Vis at 340 

nm. Data are the mean ± SEM (n=4). 

 

The existence of crystals was again confirmed by the crystalline patterns in the 

SNAP-doped PVC/DEHP films in comparison with the blank PVC/DEHP film under 

an optical microscope equipped with polarizers (Figure 3.17). With 5 wt% SNAP 
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loading, the crystalline patterns in PVC/DEHP appeared to be denser than that in 

CarboSil, which can imply a lower SNAP solubility in PVC/DEHP that leads to 

higher proportion of crystalline SNAP for the same degree of SNAP loading. Raman 

spectra of 10 wt% SNAP-doped PVC/DEHP films presented characteristic peaks of 

both PVC/DEHP and orthorhombic SNAP crystal (Figure 3.18), which verifies the 

crystallization of SNAP in PVC/DEHP into the orthorhombic form. Similar to the 

case of SNAP doped CarboSil, for PVC/DEHP samples with low SNAP loading, due 

to the strong polymer background, characteristic peaks of SNAP are concealed by the 

PVC/DEHP signal. Therefore, PXRD analysis has been applied to estimate the 

proportion of crystalline SNAP in the polymer films. 

 

Figure 3. 17 Optical image of (a) blank PVC/DEHP and (b) 5 wt% SNAP-doped 

PVC/DEHP film surface taken under crossed polarizers in combination with a 

quarter-wave plate. The 5 wt% film clearly shows patterns which suggest the presence 

of crystalline structures. 

 

(a) (b) 
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Figure 3. 18 Raman spectra comparison of orthorhombic SNAP (black), blank 

PVC/DEHP (blue) and 10 wt% SNAP-doped PVC/DEHP film (red). The existence of 

SNAP crystals in SNAP-doped PVC/DEHP is verified by the characteristic peaks of 

crystalline SNAP between 500-600 cm
-1

 and 950-1050 cm
-1

. 

 

PXRD patterns of SNAP-doped PVC/DEHP composites with various SNAP loadings 

agree with the Raman spectra in which the features of both orthorhombic SNAP and 

PVC/DEHP are presented. Similar to the SNAP/CarboSil films, as the initial loading 

of SNAP decreases, the intensity of orthorhombic SNAP characteristic peaks declines 

until those peaks become indistinguishable under certain threshold of SNAP loading 

(Figure 3.19). The crystal/polymer composite theory that explains the increased 

stability of SNAP doped within CarboSil can still be applied to this SNAP-doped 

PVC/DEHP system. At weight percentages lower than the solubility, all SNAP 

dissolves in the polymer and forms a homogenous film. When the SNAP weight 

percentage exceeds its solubility in PVC/DEHP polymer, the undissolved portion 

crystallizes as solvent evaporates, and remains as the thermodynamically most stable 

orthorhombic form in the polymer. The lattice energy of crystallization SNAP in 

polymer prevents SNAP from fast degradation, thus allows long-term NO storage and 

releasing.  
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Figure 3. 19 Representative PXRD patterns of orthorhombic SNAP crystal, 

PVC/DEHP blank polymer, and SNAP-doped PVC/DEHP film samples of different 

weight percentages (5-18 wt%). Peak intensity of crystalline SNAP increased with 

higher loading of SNAP in polymer. 

 

Due to the differences in PXRD patterns of CarboSil and PVC/DEHP that impeded 

the integration of pattern area, the height rather than the area of characteristic peaks is 

utilized for solubility calculation. Based on the following assumption that (1) 

crystalline SNAP is uniformly distributed in PVC/DEHP and that (2) the preferred 

orientation of SNAP crystals in PVC/DEHP could be eliminated by cutting samples 

into cubes and rotating the samples during data collection, at a chosen 2 angle, the 

ratio of a specific SNAP PXRD peak height over the polymer PVC/DEHP signal 

height would be proportional to the ratio of crystalline SNAP weight percentage over 

the polymer weight percentage in the sample. By using the height ratio for 

quantification, all the other factors that can potentially influence the peak intensity 

(e.g., the volume of the sample irradiated by the X-ray source, the exposure time of 

sample under the X-ray, etc.) can be eliminated. Here, the solubility of SNAP in 

PVC/DEHP, represented as 𝑥𝑜, can be calculated from 𝑦2𝜃, the height ratio of the 

SNAP peak over the polymer peak at 2 
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𝑦2𝜃 =
𝐼𝑆𝑁𝐴𝑃2𝜃

𝐼𝑃𝑉𝐶/𝐷𝐸𝐻𝑃2𝜃
=

𝑎(𝑥 − 𝑥𝑜)

𝑏(1 − 𝑥)
 

where 𝐼𝑆𝑁𝐴𝑃2𝜃 and 𝐼𝑃𝑉𝐶/𝐷𝐸𝐻𝑃2𝜃 are the signal intensity of SNAP and PVC/DEHP in 

a SNAP-polymer sample at 2 obtained from the measurement. For a PXRD pattern 

of a unit volume sample taken with a unit exposure time, 𝑎 and 𝑏 correspond to the 

peak height of pure orthorhombic crystal and blank PVC/DEHP pattern at 2, 

respectively. Consequently, for any SNAP-doped PVC/DEHP sample with the doped 

SNAP weight percentage of 𝑥, 𝑦2𝜃 as the height ratio of SNAP peak over 

PVC/DEHP signal at 2, which is independent of sample volume and exposure time, 

etc., is proportional to the weight percentage ratio of the undissolved orthorhombic 

SNAP crystal (𝑥 − 𝑠) over the PVC/DEHP (1 − 𝑥𝑜). By substituting various 𝑥 and 

𝑦2𝜃 at chosen 2 angles, the solubility 𝑠 can be determined. Based on calculation, 

the solubility of SNAP in PVC/DEHP is 1.8 ± 0.1 wt%. The height based equation 

has been also applied to all previously collected PXRD patterns of SNAP doped 

CarboSil films, and the calculated solubility of SNAP in CarboSil is 4.3 ± 0.3 wt%. 

The lower solubility of SNAP in PVC/DEHP compared with CarboSil is in agreement 

with the denser crystalline patterns in the light image of 5 wt% SNAP. Based on the 

crystallization theory, the low solubility of SNAP in PVC/DEHP explains the 

shelf-life study result of SNAP doped PVC/DEHP; the proportion of solubilized 

SNAP is small (the measured solubility in PVC/DEHP is even smaller than that in 

CarboSil), and most SNAP molecules are stabilized by the crystal lattice energy of 

orthorhombic SNAP. 

 

3.2.4 SNAP-Impregnated CarboSil Composite 

Sustained NO release has been achieved by composites of SNAP crystal and 

biomedical grade polymers, and the crystal distribution in SNAP-doped polymer films 

prepared by solvent evaporation method present is relatively uniform. However, like 
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many NO donors, SNAP or its analogs are sensitive to high temperatures, which are 

used during industrial catheter extrusion processes. As a result, alternative doping 

methods rather than solvent evaporation are needed to dope SNAP after polymer 

molding. In order to apply NO release to any pre-made or off the shelf biomedical 

devices, Colletta et al. developed a simple solvent impregnation method to load SNAP 

into commercially available silicone Foley urinary tract catheters under mild condition 

(room temperature).
26

 In this approach, SNAP is dissolved in an organic solvent that 

can swell the polymer to a great extent without dissolving it, and as the polymer uptakes 

the solvent, the NO donors are loaded into the polymers. After drying to remove the 

solvent, the resulting polymer contains a stabilized form of the SNAP or analog of 

SNAP. As an example, commercial silicone Foley catheters were swelled in a SNAP 

solution prepared in tetrahydrofuran (THF) (125 mg/mL) for 24 h, resulting in SNAP 

impregnation of 5.43 ± 0.15 wt% SNAP in the final dried catheter. This level of SNAP 

loading enabled the catheters to achieve stable NO release above physiological levels 

for more than 4 weeks.  

 

To investigate the properties of SNAP/CarboSil films prepared by different methods, 

the characterization methods utilized for films made by solvent evaporation were 

applied to films made by impregnation. Under polarized microscope, it was observed 

that the distribution of crystals on the surfaces of SNAP impregnated samples was not 

as uniform as the films prepared by evaporation (Figure 3.20). For samples with low 

SNAP loading, crystalline patterns were mainly discovered in some regions on the 

surface of the films despite the uniform dark green color of SNAP over the sample. 

The non-uniformity of the crystals may exhibit depth dependence by which the 

crystalline SNAP can be incorporated into the polymer thin film; crystallization 

merely on the surface would suggest unsuccessful impregnation. Therefore, optical 

images of the cross section of CarboSil impregnated with 5 wt% SNAP were taken 

under polarized light microscope. The results demonstrated that crystals were 

distributed randomly in the polymer interior rather than aggregated near to the surface 
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(Figure 3.21). The differences in crystal distribution (depth in the polymer) and grain 

sizes between polymers prepared by diverse methods can lead to variety in 

performance, which requires further NO release study to illustrate potential 

correlation. 

 

Figure 3. 20 Optical image of different regions of 5 wt% SNAP-impregenated 

CarboSil film surface taken under crossed polarizers in combination with a 

quarter-wave plate. The 5 wt% films presented crystalline patterns of various 

distribution and morphology. 

(b) (a) 
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Figure 3. 21 Optical images of the cross section of CarboSil samples impregnated 

with SNAP taken under polarized light microscope. All samples were with 5 wt% 

SNAP loading and treated by microtome. The crystal grain sizes and distribution 

appeared to be random and uncorrelated with film thickness. 

 

StreamLine High Resolution (HR) Raman mapping characterization was utilized to 

elucidate the chemical constituent of crystals inside of the SNAP-impregnated 

CarboSil in combination with the 2D representation of crystal distribution (Figure 

3.22). Similar to what was observed in CarboSil doped with SNAP by solvent 

evaporation, in SNAP-impregnated CarboSil films, the regions with visible crystalline 

patterns under polarizer presented characteristic peaks between 500-600 cm
-1

 that 

matched with SNAP crystals. Despite the differences in crystal morphology observed 

(a) (b) 

(c) (d) 
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under optical microscope, PXRD analysis indicated that these SNAP crystals were 

still in the orthorhombic form. Therefore, SNAP has been successfully impregnated 

into premade polymers, and the differences between such prepared composites and 

those by solvent evaporation lie in crystal grain sizes and distribution. 

 

Figure 3. 22 StreamLine HR Raman mapping results for fitting of cross section of 

CarboSil samples 5 wt% SNAP loading prepared by (a) solvent evaporation and (b) 

impregnation with pure orthorhombic SNAP spectrum as the reference under 50× 

objective. Green represents areas fitting the spectrum of orthorhombic SNAP. The 

distribution of crystalline SNAP in the impregnated sample is less uniform. 

In principle, SNAP solubility in CarboSil should be constant regardless of preparation 

methodology. PXRD patterns of the CarboSil films impregnated with various loading 

(a) 

(b) 
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of SNAP were collected (Figure 3.23), and the “solubility” of impregnated SNAP in 

CarboSil was calculated by applying the peak intensity based equations. The obtained 

“solubility” was 2.4 ± 0.1 wt%, significantly lower than the 4.3 ± 0.3 wt% result of 

films made by evaporation. 

 

Figure 3. 23 Representative PXRD patterns of orthorhombic SNAP crystal, CarboSil 

blank polymer, and CarboSil impregnated with SNAP of different weight percentages. 

Characteristic peaks of orthorhombic SNAP were detected in samples. Peak intensity 

of crystalline SNAP increased with higher loading of SNAP in polymer. The SNAP 

loadings on Sample 1 to 6 in the figure were 1.2, 3.2, 4.7, 6.4, 10.7 and 13.5 wt%, 

respectively. Crystalline patterns of orthorhombic SNAP started to appear in Sample 2. 

 

The decrease in calculated SNAP solubility can be attributed to insufficient 

“dissolution” of impregnated SNAP to reach the solubility equilibrium in premade 

polymer, which leads to higher proportion of insolubilized SNAP in the impregnated 
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composites compared to samples prepared by evaporation. Opposed to low SNAP 

loading samples prepared by solvent evaporation, where SNAP and CarboSil 

molecules were initially mixed well in solvent, that after solvent evaporation SNAP 

molecules are uniformly dispersed in the polymer matrix to form a solid polymer 

solution before reaching the solubility limit (Figure 3.24 (a)), impregnated samples 

were prepared by “inserting” SNAP molecules into the interspace between CarboSil 

chains in the premade polymers swelled by the THF solvent. The diffusion of SNAP 

molecules in solid polymers may be less efficient compared to that by the evaporation 

method. In addition, the swelling effect of THF can be varied for different segments 

in the polymer: the space in the soft segments may be expanded more and allow 

impregnation of more SNAP molecules, resulting in local SNAP crystallization 

(Figure 3.24 (b)). According to the previous crystallization based stability theory, the 

increased percentage of crystalline SNAP in polymer is beneficial for SNAP stability. 

The overall NO release performance of the impregnated composites, which need to be 

further investigated, can be affected synthetically by crystal grain size, distribution 

and proportion of crystallized SNAP. 
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Figure 3. 24 Schematic diagram of SNAP distribution in CarboSil films prepared by 

(a) solvent evaporation and (b) impregnation. Chains correspond to CarboSil. 

Diamonds correspond to SNAP. Dots correspond to solvent. 

 

3.3 Conclusions 

A synthetic tertiary RSNO, SNAP, can be doped onto low water uptake polymers by 

solvent evaporation to achieve excellent stability and long term NO release capability, 

which shows great potential in application of biomedical device manufacture. Solid 

state studies of such SNAP-doped polymer system have been conducted to elucidate 

the mechanism under improved SNAP stability. Crystalline SNAP in the 

orthorhombic form has been detected in the polymer by polarized optical microscopy, 

Raman spectroscopy and PXRD analysis. Based on the discovery, a crystallization 

based theory has been proposed that SNAP can be partially dissolved in the polymer 

(a) 

(b) 
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and which forms a homogeneous “solid solution” with the polymer, while excess 

SNAP beyond the polymer solubility limit crystallizes in the orthorhombic form 

during the solvent evaporation process and embeds in the polymer. It is proposed that 

the lattice energy of crystalline SNAP is the key to the stability improvement, while 

the solubilized SNAP behaves as a solute, which is more reactive at ambient 

conditions that decomposes and releases NO. A 3.4-4.0 wt% solubility of SNAP in 

CarboSil has been determined by the ratio of selected orthorhombic SNAP peak area 

over the PXRD pattern total area of CarboSil with various SNAP loading. 

Comparison of SNAP stability in CarboSil films with 5 wt% and 15 wt% SNAP 

loading indicated that SNAP in the samples with lower loading decomposed much 

faster. In other word, the solubilized SNAP is the main portion that decomposed 

within 10 days, which verified the hypothesis that a greater proportion of crystalline 

SNAP is beneficial for stabilization. 

 

This crystallization based stability hypothesis has been demonstrated in another 

system: SNAP-doped PVC/DEHP, a composite material for commercial catheters 

with desired stability presented in shelf-life study. Similar crystallization behavior 

was detected, and a 1.75 ± 0.13 wt% SNAP solubility in PVC/DEHP has been 

calculated based on the height ratio of selected orthorhombic SNAP peak over the 

signal of polymer at corresponding 2 in PXRD analysis of CarboSil with various 

SNAP loading. The data agrees with the high crystal density and SNAP stability of 

this composite. 

 

Impregnation is an alternative approach that can dope SNAP onto premade polymers, 

avoiding thermal decomposition in the catheter extrusion process which undergoes 

high temperature. Despite a less uniform distribution, it has been demonstrated in 

solid state studies that SNAP has been successfully impregnated into CarboSil. A 

2.41 ± 0.09 wt% solubility of SNAP has been calculated, which is lower than the 
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result in films prepared by solvent evaporation. The higher proportion of crystalline 

SNAP in impregnated samples may be attributed to insufficient “dissolution” of 

SNAP in CarboSil in this method. 

 

3.4 Experimental 

 

3.4.1 Materials 

N-acetyl-D-penicillamine (NAP), sodium nitrile and tetrahydrofuran (THF) were 

purchased from Sigma-Aldrich (St. Louis, MO). CarboSil 20 80A was obtained from 

DSM Biomedical Inc. (Berkeley, CA). SNAP was synthesized by equimolar NAP and 

sodium nitrite in a 1:3 mixture of water and methanol with 2M H2SO4 and 2M HCl 

following the literature procedure.
38

 

 

3.4.2 Preparation of SNAP Films 

Polymer films with different wt% SNAP prepared by solvent evaporation were made 

based on the previously reported method: selected polymers were dissolved in THF, 

followed by the addition of SNAP. The well mixed solution were cast in Teflon wells 

and allowed to dry overnight under ambient conditions.   

 

For preparing SNAP-impregnated films, blank CarboSil films were impregnated in 

SNAP-containing methanol and methyl ethyl ketone (30:70 v/v) solvent mixtures for 

2 h at room temperature. Various concentrations of SNAP solutions were employed to 

achieve different SNAP loading in the polymer. Then the films were removed from 

the solutions and dried in ambient conditions and protected from light exposure before 

use. 5 wt% SNAP-impregnated CarboSil films were embedded in optical cutting 

temperature (OCT) compound and allowed to be solidified at -20 °C. Then the films 
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samples were cut into 30 m thick slides in the cryostat microtome (Leicia 3050S 

Cryostat) and attached onto glass slides for Raman spectroscopy analysis. 

 

3.4.3 Polarized Optical Microscopy 

SNAP-doped Polymer films with 5 wt% SNAP loading and blank reference film of 

corresponding polymer, both without topcoats, were prepared as described above. 

Optical images were captured by a Leica DMLP polarization microscope equipped 

with an N Plan 10× objective under crossed polarizers in combination with a 

quarter-wave plate, and were then taken with a SPOT Flex Mosaic 15.2 camera using 

SPOT 5.2 Software from Diagnostic Instruments, Inc. For SNAP-impregnated 

CarboSil slides prepared by microtome, the quarter-wave plate was not utilized. 

 

3.4.4 Raman Spectroscopy Characterization 

Raman spectra were collected by using a Renishaw inVia Raman microscope 

equipped with a Leica microscope, a RenCam CCD detector and a 633nm laser 

employing an 1800 lines/nm grating and a 50 m slit. Spectra were obtained using the 

WiRE 3.4 software package. Calibration was performed using a silicon standard in 

static mode. Full spectra of blank polymers (without SNAP), pure SNAP crystals and 

SNAP-doped polymer composites were collected through an Olympus SLMPlan 20× 

objective in extended scan mode in the range of 100-4000 cm
-1

 and further analyzed 

by ACD/SpecManager Version 12.01 software from Advanced Chemistry 

Development, Inc. For Raman mapping characterization, SNAP-doped CarboSil 

samples were cut into thin strips and laid down on the stage with the cross section 

facing upwards. Raman cross-section mapping data were obtained by using an 

Olympus SLMPlan 100× objective in combination with an automatic Renishaw MS20 

encoded stage in static scan mode. The mapping data were analyzed using the Wire 

3.4 software package component direct classical least squares (DCLS) analysis 

routines with the full spectra of blank CarboSil and pure SNAP crystals as references. 
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StreamLine HR Raman Mapping experiments were conducted by using a Renishaw 

inVia Raman microscope equipped with a Leica microscope, a RenCam CCD detector 

and a 785nm laser employing an 1200 lines/nm grating and a 50 m slit. 

 

3.4.5 Powder X-ray Diffraction Measurements 

SNAP-doped Polymer films with 1-15 wt% SNAP loading and blank reference film 

of corresponding polymer, all without topcoats, were prepared as described in Section 

3.4.2. Powder X-ray diffraction (PXRD) patterns were collected at room temperature 

using a Rigaku R-Axis Spider diffractometer with an image plate detector and 

graphite monochromated Cu-K radiation ( = 1.54187Å) at 40 kV and 44 mA. 

Synthesized SNAP crystals were finely ground to eliminate preferred orientation, 

whereas blank CarboSil and SNAP-doped CarboSil samples were cut into cubes with 

dimensions of approximately 250 μm. All samples were mounted on a CryoLoop
TM

 

using heavy mineral oil, and images were collected for 15 min with a 0.3 mm 

collimator. The -axis was oscillated between 120and 180 at 1/sec, the -axis was 

rotated at 10/sec, and -axis was fixed at 45. The obtained images were integrated 

from 2.5 to 70 with a 0.1 step size in AreaMax 2.0 software from Rigaku. All 

powder patterns were processed using Jade 9 XRD Pattern Processing, Identification 

& Quantification analysis software from Materials Data, Inc. The simulated powder 

patterns of monoclinic and orthorhombic SNAP crystals were calculated in Mercury 

3.3 from the CCDC and were compared with the experimental SNAP powder pattern 

in Jade 9. Linear least squares regression for quantitation of peak area ratios versus 

doped-SNAP weight percentage was performed in MATLAB. Linear least squares 

regression for quantitation of peak intensity ratios versus doped-SNAP weight 

percentage was performed in KaleidaGraph 3.5. 

 

The 5 wt% and 15 wt% SNAP-doped samples were stored under ambient 

environment at room temperature for 10 days, assuming that the amount of dissolved 
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SNAP decompose after 10 d was comparable for both films. PXRD measurements of 

5 wt% and 15 wt% SNAP/CarboSil film (both fresh and old) were taken and 

compared. 
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Chapter 4 Cocrystallization Driven by Introducing Soluble Polymers 

to Adjust Metastable Zone Width 

Unpublished Work 

 

4.1 Introduction 

Energetic materials, including propellants, explosives and pyrotechnics, are a class of 

compounds with a large amount of stored chemical energy that can be released in a 

short period of time (Figure 4.1). Due to the rigorous requirements in properties 

including explosive power, oxygen balance, sensitivity and cost of synthesis, 

implementing new synthetic chemistry for explosives applications is risky and costly. 

A substitute is to explore polymorphism of existing materials to seek for forms with 

desired shock sensitivity, density, melting point or reactivity, due to the high 

dependence of explosive power on solid-state density. When no polymorph meets the 

application requirement, cocrystallization can be an alternative strategy to optimized 

existing energetic chemical entities.
1-7
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Figure 4. 1 Chemical structures of some energetic materials. 

 

Cocrystallization has been widely applied in the field of pharmaceuticals. However, 

for energetic compounds, the functional groups in most active pharmaceutical 

ingredients that allow predictable interactions (eg: hydrogen bonding) for cocrystal 

formation are not always available. Landenberger et al. have successfully 

cocrystallized 2,4,6-trinitrotoluene (TNT), an energetic compound that has an 

electron-poor aromatic ring, with a wide range of coformers possessing electron-rich 

benzene rings.
1
 The donor-acceptor - interactions between aromatic rings of both 

components are a reliable supramolecular synthon for cocrystal formation. Instead of 

the edge-to-face stacking seen in both polymorphs of TNT and most of the coformers 

in their pure form, in the obtained cocrystals face-to-face -stacking was preferred 

due to the donor-acceptor - interactions. 

 

However, not all electron-rich systems readily cocrystallize with TNT. Five 

compounds, including iminostilbene, triphenylamine, dibromobiphenyl, 

methyl-4-iodobenzoate and 1,3,5-tribromobenzene, have been selected as candidates 

to cocrystallize with TNT. The electrostatic potential surfaces of the five 
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cocrystallization candidates have been calculated (Figure 4.2). It can be seen that, 

similar to reported coformers that successfully cocrystallized with TNT, these 

compounds all possess relatively electron-rich aromatic rings, which are expected to 

introduce donor-acceptor - interactions with the electron-poor benzene ring in 

TNT.
1
 Despite the -rich systems, cocrystals consisting of TNT and these compounds 

appear to be less accessible. Following the same solvent evaporation crystallization 

method that successfully produced the reported TNT cocrystals, separate single 

component crystals of TNT and the selected candidates rather than cocrystals were 

obtained. Failure in cocrystallization can result from kinetic barriers: an example is 

the caffeine/benzoic acid cocrystal, which is thermodynamically stable but only 

cocrystallized in presence of nuclei.
8
 Since - interaction synthon is available to 

form cocrystals, there can be other factors that hinder potential TNT cocrystallization. 

 

Figure 4. 2 Chemical structure and electrostatic potential surfaces of (a) iminostilbene, 

(b) triphenylamine, (c) 4,4’-dibromobiphenyl, (d) methyl-4-iodobenzoate, (e) 

1,3,5-tribromobenzene and (f) TNT. Electrostatic potential surfaces were calculated 

using the semiempirical methods and the AM1 model. Red surfaces correspond to 

(b) (a) (c) 

(d) (e) (f) 
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electron rich regions. Blue surfaces correspond to electron poor regions. Surfaces are 

normalized between -25 and 25 kJ/mol. Electron-rich aromatic rings in (a) to (e) are 

expected to build up donor-acceptor - interactions with the electron-poor benzene 

ring in TNT that leads to cocrystallization. 

 

As one of the decisive factors in solvent evaporation crystallization, solubility of all 

crystallizing components involved in this TNT cocrystallization issue, either those 

that succeeded or failed in forming cocrystals, were evaluated in search for factors 

that can impede potential cocrystallization. It was discerned that the solubility of most 

coformers that successfully cocrystallize with TNT are relatively high, accompanied 

by a broad metastable zone, which is the region between the solubility curve and the 

curve of the maximum supersaturation, referring to the range of concentration and 

temperature where crystallization is viable (Figure 4.3). On the other hand, failed 

candidates are usually less soluble, processing a narrow metastable zone width 

(MSZW). MSZW is defined as the temperature difference between the clear point (the 

point at which all suspended solid material disappears from solution during heating 

solution, corresponding to the solubility) and the cloud point (the point at which solids 

first appear in solution during cooling solution, corresponding to the maximum 

supersaturation) for a given concentration (Figure 4.3).
9, 10

 It is hypothesized that the 

low solubility and narrow MSZW of the coformer with electron-rich aromatic rings 

favors single component crystallization, and the formed single component crystals 

compete with cocrystal formation. Therefore, increasing MSZW of the poorly soluble 

components or decreasing MSZW of the components with relatively high solubility is 

proposed as a new strategy to facilitate cocrystallization. 
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Figure 4. 3 Solubility curve and the metastable zone. Crystallization occurs in the 

metastable zone, where compounds are supersaturated in solution. 

 

The proposed methodology to adjust the MSZW is to apply polymeric additives into 

the cocrystallizing solution. Polymers have been utilized to successfully suppress 

crystallization of poorly soluble drugs in amorphous solid dispersion 

formulations.
11-16

 Furthermore, if a soluble additive efficiently inhibits crystal growth 

on specific crystal faces in solution, the strong interaction between the functional 

groups can be utilized to decrease the induction time of crystal appearance by 

incorporating the soluble additives into insoluble polymers.
17, 18

 From the view of 

metastable zone based crystallization theory, polymeric inhibitors can broaden the 

MSZW by increasing the maximum degree of supersaturation. Here we propose that 

for components with significant difference in solubility that leads to formation of 

single component crystals independently, cocrystallization can be facilitated by 

introducing polymer additives to adjust the MSZW. By selectively suppressing 

crystallization of the less soluble compound, a higher concentration of this component 

can be achieved, which can be necessary for both components to crystallize 

simultaneously and form a cocrystal (Figure 4.4). 
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Figure 4. 4 Schematic plot of cocrystallization promoted by polymeric additives. The 

MSZW of crystallizing components can be adjusted by soluble polymeric additives. 

With metastable zones of both components included in the region where 

cocrystallization is viable, simultaneous crystallization of both components that forms 

a cocrystal rather than single component crystals can be favored. 

 

4.2 Results and Discussion 

 

4.2.1 Cocrystallization Failure in Poorly Soluble  -rich Systems 

According to the calculated electrostatic potential surfaces of TNT and five selected 

cocrystallization candidates (Figure 4.5), it is possible for these -rich compounds to 

pack into cocrystals with TNT by the donor-acceptor - interactions. In search for 

differences between the five selected compounds and those coformers reported in 

literature that can lead to cocrystallization failure, the widely used solvent evaporation 

method applied here has attracted attention.
1
 

 

Products of solvent evaporation crystallization are highly dependent on the solubility 

of crystallizing compound in the corresponding solvent. This especially holds for 

cocrystallization systems with multiple components in presence. In order to elucidate 

factors that may impede cocrystallization, solubility and the metastable limit (the 
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maximum compound concentration in solution before crystal appearance) of the five 

candidates as well as several coformers that successfully cocrystallized with TNT in 

ethanol at 25 °C were measured (Table 4.1). All five candidates presented relatively 

low solubility. In molarity representation, only methyl-4-iodobenzoate is more soluble 

than TNT. On the other hand, solubility does not appear to be a limitation for those 

reported coformers. Since donor-acceptor - interactions have been shown to be a 

reliable synthon for TNT cocrystallization with the electron-rich systems, there should 

be supramolecular interactions available between selected candidates and TNT that 

enable cocrystal formation. It is therefore speculated that the unsuccessful 

cocrystallization is a kinetic result of the low solubility in ethanol rather than the 

inherent chemical structure of the candidate. Due to the low solubility in ethanol, the 

candidates precipitated in their single component crystalline states before they 

reached the requisite concentration for target cocrystallization, which acted as a strong 

competitor of the cocrystal pathway, leading to single component crystals of both the 

candidates and TNT as the final product. 

 

Table 4. 1 Solubility and metastable limit of TNT and compounds applied for TNT 

cocrystallization in ethanol at 25 °C 

Compound Solubility 

(mg/mL) 

Metastable 

Limit 

(mg/mL) 

Solubility 

(mmol/mL) 

Metastable 

Limit 

(mmol/mL) 

TNT 16.6 24.1 0.074 0.106 

iminostilbene 6.8 9.1 0.035 0.047 

triphenylamine 10.5 17.1 0.043 0.070 

4,4’-dibromobiphenyl 6.8 8.4 0.022 0.027 

methyl-4-iodobenzoat

e 

22.3 58.3 0.085 0.222 

1,3,5-tribromobenzen

e 

12.9 27.9 0.041 0.089 
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naphthalene 94.7 151.7 0.739 1.184 

phenanthrene 31.6 47.8 0.177 0.268 

phenothiazine 25.5 37.0 0.128 0.186 

dibenzothiophene 25.5 30.5 0.120 0.166 

1,2-phenylenediamine 77.9 142.8 0.721 1.321 

2-aminobenzoic acid 123.2 267.0 0.898 1.947 

4-aminobenzoic acid 88.6 133.5 0.646 0.973 

The five compounds failed to form TNT cocrystal present relatively low solubility, 

whereas the coformers successfully cocrystallized with TNT are generally more 

soluble. 

 

4.2.2 Adjusting Metastable Zone Width by Soluble Polymeric Additives 

The most common way to solve poor solubility issues is to alter solvent. However, 

exploring the inhibitor effect can be another option. This method is advantageous 

because the conditions required to form multicomponent crystals can be highly 

specific so that the traditional strategy of changing solvent and temperature may not 

be applicable. By introducing soluble polymers with functional groups that can 

strongly interact with the target compound, a higher degree of supersaturation can be 

attained. 

 

Eight polymers soluble in ethanol were selected as additives: hydroxypropyl cellulose, 

methyl vinyl ether/maleic acid copolymer, methyl vinyl ether/maleic anhydride 

copolymer, poly (acrylic acid), poly (vinyl butyral), poly (vinyl pyrrolidone), 

styrene/allyl alcohol copolymer, and vinyl alcohol/vinyl butyral copolymer. Solubility 

and metastable limit of five candidates as well as TNT in ethanol in the presence of 0 

wt%, 0.01 wt%, 0.1 wt%, and 1 wt% polymer additives were measured following the 
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same characterization process. Apart for the situations where little polymeric additive 

effect was observed, there were three types of influences that can be introduced by the 

addition of soluble polymers. 

 

Significant enhancement of metastable limit without corresponding solubility 

improvement was detected in several combinations. A typical example is 

iminostilbene in ethanol. As the weight percentage of specific soluble polymers (poly 

(acrylic acid), poly (vinyl butyral), styrene/allyl alcohol copolymer and vinyl 

alcohol/vinyl butyral copolymer) increased, iminostilbene crystallization was impeded 

(Figure 4.5). Similar behavior was detected in triphenylamine crystallization in 

presence of poly (vinyl butyral), styrene/allyl alcohol and vinyl alcohol/vinyl butyral 

copolymers, as well as 4,4’-dibromobiphenyl crystallization in presence of methyl 

vinyl ether/maleic acid and styrene/allyl alcohol copolymers. In these combinations, 

the polymeric additives successfully inhibited the formation of undesirable crystals. 

By enlarging MSZW, the poorly soluble candidates are present in solution at a high 

degree of supersaturation which is beneficial for cocrystallization. On the other hand, 

significant increase in TNT metastable limit at high temperature was observed in 

presence of poly (acrylic acid), which is a disadvantage for TNT cocrystallization 

with the poorly soluble compounds. 
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(a) 

(b) 
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Figure 4. 5 Solubility and metastable limit of iminostilbene in ethanol solution in 

presence of (a) poly (acrylic acid), (b) poly (vinyl butyral), (c) styrene/allyl alcohol 

copolymer and (d) vinyl alcohol/vinyl butyral copolymer. Metastable limit was 

enhanced with the soluble polymer additives, allowing for higher degrees of 

supersaturation. 

 

(c) 

(d) 
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For the second type of candidate-additive combinations, both solubility and 

metastable limit of compound are improved the polymeric additives. Such behavior 

was detected in 4,4’-dibromobiphenyl in presence of hydroxypropyl cellulose and 

poly (vinyl butyral) (Figure 4.6), as well as 1,3,5-tribromobenzene in presence of poly 

(acrylic acid) and poly (vinyl pyrrolidone). In this case, MSZW of the compound was 

not guaranteed to increase. However, the metastable zone of poorly soluble compound 

was promoted to higher concentration, which can be beneficial for cocrystallization as 

well. 
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Figure 4. 6 Solubility and metastable limit of 4,4’-dibromobiphenyl in ethanol 

solution in presence of (a) hydroxypropyl cellulose and (b) poly (vinyl butyral). Both 

solubility and metastable limit increased in presence of the soluble polymer additives, 

allowing for higher degrees of supersaturation. 

 

In the third scenario, single component crystallization can be promoted by polymer 

additives. In presence of hydroxypropyl cellulose or methyl vinyl ether/maleic 

anhydride copolymer, the metastable limit of iminostilbene decreased (Figure 4.7). As 

a result, MSZW of iminostilbene was reduced, and cocrystallization became less 

(b) 

(a) 
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likely. From the aspect of poorly soluble coformers, this promotion effect may not be 

helpful for simultaneous crystallization of both components to form cocrystals. 

However, it can be useful to promote a soluble component to crystallize at lower 

concentration, leading to the formation of cocrystals with poorly soluble coformers. 

 

Figure 4. 7 Solubility and metastable limit of iminostilbene in ethanol solution in 

presence of (a) hydroxypropyl cellulose and (b) methyl vinyl ether/maleic anhydride 

copolymer. Metastable limit decreased with the soluble polymer additives, resulting in 

reduced MSZW. 

 

(b) 

(a) 
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4.2.3 Cocrystallization Experiments in the Presence of Polymeric Additives 

In the presence of polymers that can increase the metastable limit of the selected 

poorly soluble compounds, crystallization experiments were conducted in order to 

obtain corresponding TNT cocrystals. The solvent evaporation method reported in 

literature was applied.
1
 Instead of the reported pure ethanol solvent, ethanol solution 

with 0.01 wt%, 0.1 wt% and 1 wt% polymer additives was used as the crystallizing 

medium. Various volumes of the TNT solution and a different coformer solution were 

dispensed throughout 96 well polypropylene plates to obtain mixtures of different 

coformer ratios. After slow evaporation of ethanol, crystals were obtained. Known 

TNT cocrystals, TNT/naphthalene and TNT/4-aminobenzoic acid, were grown under 

this condition, which verified that cocrystallization would not be impeded by the 

polymeric additives. However, for the five selected candidates, despite the differences 

in morphology between crystals grown in the absence or presence of polymers, no 

cocrystals were discovered. In all trials of TNT cocrystallization with iminostilbene, 

triphenylamine, 4,4’-dibromobiphenyl and 1,3,5-tribromobenzene by solvent 

evaporation, only single component crystals of TNT and the corresponding coformer 

candidates were detected by Raman spectroscopy and PXRD analysis. It was noticed 

that due to the inhibition effect of polymeric additives, TNT became more reluctant to 

crystallize as the polymer weight percentage in solution increased. As a result, in 

many trials, only the coformer candidate crystallized. Therefore, tailor-made additives, 

the ones that can selectively interact with the poorly soluble coformer without 

disturbing crystallization of the soluble TNT, will be the ideal options.
18

 

 

To avoid the formation of solid polymers that could act as heteronuclei in solvent 

evaporation, solution cooling method was also utilized in trials of TNT 

cocrystallization. In an ethanol solution with 1 wt% effective polymer additives, TNT 

and coformer candidates were dissolved under high temperature to form a uniform 

solution. Crystallization was then allowed at room temperature. Again the products 
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are identified as physical mixture of single component crystals of both crystallizing 

components by Raman spectroscopy and PXRD characterization. Failure to see 

cocrystals may be caused by the chosen concentration of both TNT and the selected 

compound; although several degrees of supersaturation of individual coformers was 

explored, without knowing the solubility of the (hypothetical) cocrystal the cocrystal 

region in the phase diagram may never be entered. Additionally, TNT cocrystals can 

be kinetic cocrystals, which easily convert to single component forms in the solvent 

medium.
5, 19

 

 

Finally, it is possible that for the selected compounds, cocrystallization with TNT was 

not accessible due to their inherent properties: iminostilbene, triphenylamine and 

4,4’-dibromobiphenyl are not planar molecules, and donor-acceptor - interactions 

may not be strong enough to overcome this steric hindrance, while 

methyl-4-iodobenzoate and 1,3,5-tribromobenzene are not as typical -rich systems as 

the other three candidates. These properties are not kinetic issues that can be 

overcome by polymer additives. 

 

4.3 Conclusions 

Five compounds with electron-rich aromatic rings were expected to cocrystallize with 

TNT according to the calculated electrostatic potential surface indicating possible 

donor-acceptor - interactions. However, physical mixtures of single component 

crystals rather than cocrystals were obtained in cocrystallization trials by solvent 

evaporation method. In solubility comparison with coformer successfully 

cocrystallized with TNT, it is speculated that the failure in cocrystal formation can be 

due to the low solubility and narrow metastable zone of the selected compounds, 

which leads to formation of single component crystals. 
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In order to retain a high degree of supersaturation in solution favorable for 

cocrystallization, soluble polymer additives are proposed. Eight polymers soluble in 

ethanol were selected. With the presence of polymeric additives, the metastable zone 

width of compounds in solution can be efficiently altered. For the selected poorly 

soluble compounds, additives that increase the metastable limit are desirable for 

inhibiting single component crystal formation and promoting cocrystallization. 

Oppositely, for soluble coformers, polymer additives can lower the metastable zone, 

resulting in a cocrystallization region. 

 

Although no new cocrystals were discovered in the trials of TNT cocrystallization in 

presence of soluble polymers, strong influence of polymeric additives on solubility 

and metastable limit has been verified in the metastable zone study. Therefore, 

adjusting the metastable zone width of cocrystalling components is be a potential 

strategy to grow previously unattainable cocrystals, and the utilization of polymer 

additives is a feasible approach to this tactic. 

 

4.4 Experimental 

 

4.4.1 Materials 

TNT was synthesized and purified according to the published procedures.
10

 

Iminostilbene, triphenylamine and 4,4’-dibromobiphenyl were purchased from Acros 

Organics (New Jersey, USA). Methyl-4-iodobenzoate, and 1,3,5-tribromobenzene 

were purchased from Matrix Scientific (Columbic, SC). Hydroxypropyl cellulose, 

methyl vinyl ether/maleic acid copolymer, methyl vinyl ether/maleic anhydride 

copolymer, poly (acrylic acid), poly (vinyl butyral), poly (vinyl pyrrolidone), 

styrene/allyl alcohol copolymer, and vinyl alcohol/vinyl butyral copolymer were 
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purchased from Scientific Polymer Products, Inc (Ontario, New York). Ethanol was 

purchased from Decon Laboratories, Inc.  

 

4.4.2 Solubility and Metastable Limit Measurement 

All solubility and metastable limit data in chapter 4.2.1 and 4.2.2 were collected on a 

Crystal Breeder. Compounds were weighed in 8 mm clear round bot crimp vials. The 

vials were sealed after the addition of 100 L of ethanol or polymer solution. The 

program was set to start at 20 °C, increase temperature at a 0.2 °C/min rate, hold at 

65 °C for 30 min, and then decrease temperature at a 0.2 °C/min rate. Dissolution was 

facilitated by stirring. The existence of crystals was evaluated by turbidity. 

 

All data listed in Chapter 4.2.1 Table 4.1 were obtained in ethanol. In Chapter 4.2.2 

the solubility and metastable limit of iminostilbene, triphenylamine, 

4,4’-dibromobiphenyl, methyl-4-iodobenzoate, 1,3,5-tribromobenzene and TNT were 

measured in ethanol and ethanol solution with 0.01 wt%, 0.1 wt%, and 1 wt% soluble 

polymer. For each compound, effect of eight polymers (hydroxypropyl cellulose, 

methyl vinyl ether/maleic acid copolymer, methyl vinyl ether/maleic anhydride 

copolymer, poly (acrylic acid), poly (vinyl butyral), poly (vinyl pyrrolidone), 

styrene/allyl alcohol copolymer, and vinyl alcohol/vinyl butyral copolymer) have 

been tested. 

 

4.4.3 Cocrystallization Methods 

Cocrystallization by solvent evaporation was performed in 96 well polypropylene 

plates. 0.02 M solution of TNT and cocrystallizing compound in ethanol or solution 

with 0.01 wt%, 0.1 wt%, and 1 wt% soluble polymer were prepared. Solutions were 

dispensed into the plates using a Gilson 215 liquid handler. The volumes of TNT 
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solution dispensed across each row were 0, 4, 5, 6, 7, 8, 10, 12, 13, 14, 15, and 16 L. 

The volumes of coformer solution dispensed across each row were 20, 16, 15, 14, 13, 

12, 10, 8, 7, 6, 5, and 4 L. The resulting ratios of TNT to coformer were 0:1, 1:4, 1:3, 

3:7, 7:13, 2:3, 1:1, 3:2, 13:7, 7:3, 3:1, and 4:1. After solution dispensing, the plates 

were covered by aluminum foil for slow solvent evaporation. 

 

Cocrystallization in solution was performed by sealing both components as well as 50 

L ethanol or ethanolic solution with 1 wt% selected soluble polymer according to 

Section 4.2.2 results into 8 mm clear round bot crimp vials to create 2×, 3×, 4× and 

5×component supersaturation. The solutions were heated to dissolve all solids, and 

cooled to room temperature to allow crystal formation. 

 

4.4.4 Calculations 

Calculations of the electrostatic potential energy density maps were performed. using 

semi-empirical methods with the AM1 model available in Spartan ’08 version 1.2.0 

(Wavefunction, Inc.). All maps were normalized between -25 and 25 kJ/mol. 
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