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ABSTRACT 
 

Organic solids are pervasive in the fine chemical industry. The diversity of solid state 

structures continues to expand with chemical and engineering efforts to design, synthesize, and 

use fit-for-purpose molecular materials. An important prerequisite in these efforts is a thorough 

understanding of solid state structure-property relationships wherein changes in structural features 

(e.g. chemical composition, molecular conformation, and intermolecular interactions) can have a 

dramatic impact on the bulk physiochemical properties of the material. Molecular hydrates are 

multi-component solids frequently encountered in the production of active pharmaceutical 

ingredients and agrochemicals. Hydrate formation is unsurprising given the ubiquity of water in 

the manufacturing, processing, and storage of these materials. However, for crystalline forms 

which contain labile solvent molecules as crystallographic components, solid state transformations 

due to solvent loss and/or sorption can occur under routine conditions. The prediction and control 

of molecular hydrate stability over a variety of processing conditions are crucial challenges in 

developing these materials for practical use. Meeting these challenges depends on a thorough 

understanding of the structures and dynamics associated with thermal- and moisture-induced solid 

form conversion in these materials.  

This dissertation focuses on the dynamic processes and form conversions associated with 

a prototypical channel hydrate, thymine hydrate (TH). In this work, the molecular motions 

associated with the dehydration of TH are characterized using techniques including time-resolved 
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synchrotron powder x-ray diffraction and quasi-elastic neutron scattering. The design, preparation, 

and characterization of mixed crystal forms establish the conditions under which the TH lattice 

accepts compositional variation. In each case, a fraction of thymine molecules in the TH lattice 

were replaced with analogous, 5-X-uracil (X = H, CH2CH3, OH, NH2) substitutions. The 

compositions of the isomorphous lattices were found to be dependent on the chemical functionality 

and the ratio of the components in the growth solutions. Importantly, the lattice substitutions were 

found to dramatically alter the thermal stability and dehydration processes of the parent hydrate. 

The investigations presented herein highlight specific structural features that dictate water 

retention/sorption in TH while detailing a general design strategy for tuning hydrate thermal 

stability that may be transferable to other hydrate systems.  
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 CHAPTER 1. INTRODUCTION 

 1.1 Structure-property relationships in organic solids 

Organic solids are ubiquitous in the industrial processing fine chemicals such as 

agrochemicals,1 pharmaceuticals,2 and organic electronics.3-4 The physiochemical properties of 

these materials depend not only on the types of chemical constituents but the arrangements of these 

molecules in the solid state. As such, the rational design of solid state structures, or crystal 

engineering,5-7  is a valuable approach to fabricate molecular materials with optimal performance. 

Assurance of product performance relies on several chemical and engineering considerations at 

the onset of material design and preparation. These include a thorough understanding of the 

complex intermolecular interactions, molecular conformations, and packing arrangements that are 

possible across the organic solid form landscapes as well as the thermodynamic and kinetic factors 

that dictate product stability.  

 
 1.2 Single-component organic solids 

The design, synthesis, and characterization of single-component organic solids are 

complex efforts since molecules can often adopt multiple forms. Organic solids may be 

amorphous8-9  with no long-range periodic order, or crystallize in thermodynamically more stable 

forms with long-range order as shown schematically in Figure 1.1. When the same components 

crystallize in multiple, distinct crystalline arrangements they are termed polymorphs.10-15 

Polymorphic forms can exhibit drastically different properties – e.g. optoelectronic, thermal, 

solubility, compressibility, etc. – which are all intimately dependent on the structural features of 

each form such as disorder, molecular conformation, intermolecular interactions, and lattice 

density.  
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Figure 1.1. Single-component organic solids. Schematic of possible arrangements adopted by 

organic molecules in single-component solids including amorphous forms and crystalline 

polymorphs. Polymorphs I and II have unique packing arrangements. 

 
The phenomenon of polymorphism and the structure-property relationships it affords 

highlights one of the uniquely interesting aspects of crystal engineering, since the properties of the 

same, solid state material can be tuned without costly synthetic modifications. Numerous 

crystallization methods13, 16-17 are typically used to screen for and isolate polymorphic forms. New 

methods such as crystallization under nanoscale confinement18 continue to be developed and used 

in conjunction with conventional approaches. In a pharmaceutical context, thorough experimental 

screening efforts are essential to avoid the unanticipated appearance of polymorphs late in the 

development process. An exemplary case  was made famous during the 1998-1999 market removal 

of Abbot’s HIV/AIDS drug, Ritonavir.19 Equally concerning is the disappearance of metastable 

polymorphs, which is often concurrent with the appearance of more thermodynamically stable 

structures.11, 20  

Advances in crystal structure prediction (CSP) methods have been integral in identifying 

possible polymorphs on the solid form landscapes of small molecules.21-24 These predictive tools 

can help to define the scope of a polymorph screen and minimize the risks associated with the 

appearance of low-energy structures. Though each unique crystallographic phase of a given 

compound can exhibit drastically different macroscopic properties, the relative stabilities of 

experimentally realized polymorphs are typically quite small, with lattice energy differences of 
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usually < 5 kJ/mol.13, 21 Solid form conversions can occur often from higher-energy forms to the 

thermodynamic minimum under a given set of conditions. These solid state processes are sensitive 

to external conditions including temperature, pressure, and relative humidity. 

Energy-temperature diagrams like the example in Figure 1.2 are commonly prepared to 

characterize the thermodynamic stability of polymorphic structures. These can be constructed 

using a variety of methods including thermal measurements, competitive slurry, and solubility 

experiments and are formed on the basis of Gibbs free energy,  

𝐺	 = 	𝐻 − 𝑇𝑆 1.1 

In Figure 1.2, at absolute zero, the Gibbs free energy for a given polymorph is equal to the enthalpy 

of the system since the entropy component, TS = 0. With increasing temperature, the enthalpy 

curve increases with a positive slope since the molar heat capacity (the energy required to 

overcome molecular friction) increases. The molar heat capacity is the slope of the enthalpy curve, 

following the relationship 

+
𝜕𝐻
𝜕𝑇-.

	= 	𝐶. 1.2 

 

The free energy curve, on the other hand, has a negative slope with increasing temperature since 

the entropy term increases following the relationship, 

+
𝜕𝐺
𝜕𝑇-.

	= 	−𝑆 1.3 

 
The melting temperature, Tm, occurs when the free energy curve for the crystallographic form 

crosses the free energy curve of the liquid phase. 
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Figure 1.2. Representative energy-temperature curve for a crystalline solid. The slopes of the 

enthalpy and free energy curves are heat capacity and entropy, respectively. The sample melts at 

the point where the free energy curve crosses the liquid energy curve at temperature = Tm.   

 
The free energy and enthalpy curves will differ for unique crystallographic phases of a 

given compound due to structural differences such as intermolecular interactions. Further, 

polymorphs will also likely exhibit differences in entropy and heat capacity as they are heated 

above 0 K. The thermodynamic differences between polymorphic forms are experimentally 

determined by developing energy-temperature curves similar to that in Figure 1.2. The relative 

thermodynamic stability of each polymorphic form depends on the respective free energy terms: 

the more thermodynamically stable polymorph necessarily has a lower free energy under a well-

defined set of experimental conditions. Under the same conditions, any form with the higher free 

energy has the potential to transform to the more thermodynamically stable state, though this 

transformation may or may not be energetically favorable from a kinetic standpoint. In fact, 

metastable polymorphic forms can often be obtained under kinetic growth conditions and are 

sometimes the preferred phases depending on their properties i.e. solubility and compressibility of 

pharmaceuticals25-26 or the conductivity of organic semiconductors.27  
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The relationship between any pair of polymorphs are described as either enantiotropic or 

monotropic.11, 14, 28 Several rules have been developed to help characterize these relationships.11, 

29-30 Ultimately, in a monotropic relationship one form is the most thermodynamically stable at all 

conditions below the melting points. A phase transformation from the metastable phase to the 

thermodynamically more stable phase is irreversible. Although thermodynamically favored, these 

transformations can be kinetically hindered. An example energy-temperature curves for a 

polymorphic system exhibiting monotropic behavior is shown in Figure 1.3a. When the 

relationship between any pair of polymorphs is enantiotropic, the more stable of the two forms is 

defined under a given set of conditions and the relative stability order changes outside of those 

conditions. As shown in the energy-temperature curve in Figure 1.3b enantiotropes are 

isoenergetic at the transition temperature (Tt) – i.e. the free energy curves associated with both 

forms intersect – where a reversible phase transformation is observed below the melting points.  

As stated previously, these thermodynamic relationships and energy-temperature curves 

can be constructed using a variety of techniques including thermal measurements using differential 

scanning calorimetry (DSC) or solubility data. For two polymorphs, Forms I and II, the melting 

transition for each phase, 𝑇2, and polymorphic transition temperature, 𝑇3,33 occur with measurable 

enthalpy changes, ∆𝐻2 and ∆𝐻3,33, respectively. When measured directly, the enthalpy difference 

between the two forms can be used to determine the entropy difference at 𝑇3,33 where Δ𝐺3,33 = 0 

following the relationship, 

∆𝑆3,33 = 	
∆𝐻3,33
𝑇3,33

1.4 

 

Indirectly, ∆𝐻3,33 and ∆𝑆3,33 can be approximated using the difference between the melting 

enthalpies of the two forms, though more precise determinations take into account differences in 
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the heat capacity of the liquid and solid phases.28 With the enthalpy and entropy differences 

established at 𝑇2 and/or 𝑇3,33, the free energy differences between polymorphs can be calculated 

following the Gibbs equation at other temperatures on the energy-temperature diagrams.  

In the case of solubility experiments, the free energy difference between polymorphs can 

be estimated based on their respective equilibrium solubility values following the relationship 

∆𝐺3,33 = 𝑅𝑇𝑙𝑛	
𝜒3
𝜒33

1.5 

 
Where 𝜒3 and 𝜒33 are the equilibrium solubility of Form I and II, respectively expressed as mole 

fraction, R is the gas constant, and T is temperature.28 Certainly, the structure-propert y 

relationships that exist for single-component molecular solids are complex. Developing a thorough 

understanding of the relationships that can exist across a given solid form landscape is essential 

for predicting and reliably controlling product phase behaviors. 

 

 
Figure 1.3. Monotropic and enantiotropic E-T diagrams. Representative Energy-Temperature 

diagrams for (A) monotropic and (B) enantiotropic phase relationships.  
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 1.3 Multi-component organic solids 

The intentional design of multi-component crystal structures involves modifying the 

number of chemically unique components in the crystallographic lattice. Such efforts have become 

increasingly important in a variety of industries. Several different types of multi-component 

molecular solids are shown schematically in Figure 1.4. In these examples, the host organic 

molecule crystallizes with one or more other hetero-components in a fixed stoichiometric ratio, a 

variable ratio, or in dopant-level amounts.  

When the hetero-component is a solvent molecule, the new solid phase is termed a solvate. 

The solvent might occupy void spaces and/or serve to maximize solid state intermolecular 

interactions. Molecular hydrates are a sub-class of solvates where the solvent molecule is water. 

These structures represent a key class of multi-component solids investigated in this work and will 

be discussed in more detail in Section 1.4.  

Other relevant multi-component solids in Figure 1.4 include cocrystals, solid solutions, 

and doped lattices. Each of these incorporate organic molecule(s) as the hetero-component(s). 

Cocrystals are generally stoichiometric multi-component solids with crystallographic structures 

unique from that of the isolated components.31 The material properties of cocrystals often vary 

discontinuously leading to their extensive use in the areas of energetic materials,32 

optoelectronics,33 and pharmaceuticals.34   Solid solutions, on the other hand, are multi-component 

structures where the structural composition can be varied continuously while still affording the 

same (i.e. isomorphous) lattice. The variable stoichiometry design of solid solutions allows for the 

fine-tuning of material properties (e.g. optoelectronic performance35-36, melting point37-39, 

dissolution rate40) in a continuous manner.31 There are few reports of the intentional design of 



 
 

8 

hydrated solid solutions for control over thermal properties, though this effect has been 

serendipitously observed.41  

 

 

Figure 1.4. Multi-component organic solids. Several possible compositions of multi-component 

organic solids. Where the secondary component in a molecular solvate is a solvent molecule, the 

secondary component in the representative cocrystal, solid solution, and doped structures are other 

organic compounds.  

 
The preparation of solid solutions is somewhat counterintuitive, since, in general, 

crystallization is a purification technique designed to exclude chemical impurities. The inclusion 

of a secondary component which replaces is a host site is thermodynamically disfavored.31, 42-43 It 

has been suggested that when structural differences in the host and hetero-component are large, 

inclusion will likely result in disruptive steric and/or electronic strain preventing the favorable 

formation of an isostructural solid solution.43-45 The inclusion of such disruptive species is 

therefore typically limited to dopant-level concentrations. In these cases, the host lattice is an 

“orienting medium” holding the impurity or dopant molecule in a particular orientation.37 When 

the host and hetero-components are more similar, based on volume or chemical functionality, there 

is an entropic gain from homogenous solid state mixing of multiple components. Thus, the 

possibility of thermodynamically stable solid solutions over a larger composition range depends  

on the nature of the components.31  
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The energy variation associated with hetero-molecule inclusion can be minimized by using 

components which only marginally disrupt the host lattice. Kitagordsky stressed the importance 

of size and shape similarity in criteria for component miscibility in mixed crystals.44-45 In fact, 

structurally analogous hetero-molecules can seamlessly substitute for the major component(s) at 

structurally equivalent lattice sites. Successful solid solutions have been prepared using structural 

analogs where component functionality varies at a terminal group (with exchange of hydrogen, 

methyl, fluoro, chloro, or bromo groups38, 41, 46-49) or at non-terminal positions.37 Subtle variations 

using molecular analogs result in minimal differences in molecular size and shape of hetero-

components, leading to optimal solid state mixing with compositions that can be tuned over a 

certain range.31, 37, 43  

 
 1.4 Organic molecular hydrates 

There are a number of ways water molecules can interact with molecular solids from 

physisorption or binding to the surface, physical liquid entrapment as molecular inclusions, 

absorption in disordered regions, and hydrate formation.50 The first three cases account for water 

content that is not a part of the crystallographic structure of the solid. Typically, physisorption or 

liquid entrapment account for only small solvent amounts (< 0.5 wt%), but absorption/disorder 

phenomenon can greatly enhance observed residual solvent content.51 It is important to understand 

solid-water interactions and, in particular, the formation of molecular hydrates given that it is 

difficult to exclude water during the manufacturing and processing of molecular materials. 

Molecular hydrates are ubiquitous in the production of fine chemicals. It has been estimated 

that approximately 30% of drug substances can form hydrates, making hydrates particularly 

prevalent in the pharmaceutical industry.51 With a kinetic diameter of approximately d = 2.7 Å,52 

water represents the smallest of the solvent species included in molecular lattices. Given its small 
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size, and its ability to act as both a hydrogen bond donor and acceptor molecule, water molecules 

that incorporate in hydrate lattices can simultaneously minimize void spaces while maximizing 

solid state intermolecular interactions. Several authors have studied hydrate formation53-58 and 

have surveyed structural features common amongst these multi-component solids. Three-

coordinate hydrogen-bonding water geometry is the most common amongst molecular hydrate 

structures with water used twice as a donor and once as an acceptor.50, 55, 58  

 
 1.4.1 Structural classifications of molecular hydrates 

As mentioned previously, multi-component molecular crystals can contain constituent 

molecules in fixed stoichiometric ratios, or in variable ratios over a specific composition range. A 

similar classification can be applied to molecular hydrates. Stoichiometric hydrates contain a well-

defined water content i.e. a fixed ratio of water molecules–host molecules. A monohydrate, with 

one-mole equivalent of water is the most common stoichiometry.51 Stoichiometric hydrates with 

non-integral amounts of water are more rare but are indeed possible.51 Nonstoichiometric hydrates, 

or, variable hydrates, can often contain multiple water:host ratios within a certain water activity 

range (or, relative humidity, RH) with no other significant change in the crystal structure.59 Though 

they often can contain non-integral amounts of water molecules, this is not always the case. Often, 

these structures include water in open channels and voids, and it has been noted that this is 

observed in cases when the host molecules don’t close pack efficiently.51 Disorder is common in 

hydrates with variable ratios of water:host molecules, likely as a result of these structural 

features.59  

Molecular hydrates have alternatively been classified on the basis of their crystallographic 

water topology. Morris and Rodriguez-Hornedo60 proposed the popular classification scheme 

which describes hydrates as (I) isolated site hydrates, (II) channel hydrates, or (III) ion-assisted 
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hydrates. These have also been referred to as Class I, Class II, and Class III hydrates.59 As the 

classification scheme suggests, isolated site and channel hydrates differ in their local water 

environment and intermolecular connectivity. In the case of isolated site hydrates, lattice water 

molecules reside in pockets separated by intervening host-component molecules. The topology of 

channel hydrates, on the other hand, consists of continuous channels or connected pockets that 

extend through adjoining unit cells and are ultimately exposed to the atmosphere. Both isolated 

site and channel hydrates can exhibit a range of spectroscopic, thermal, and (de)sorption 

properties.50, 59  Channel hydrates can frequently adopt variable water:host ratios, though it is 

important to note that this is not always the case.61-63 While important in the overall classification 

of solid forms, ion-assisted hydrates are not discussed further in the current work. 

 
 1.4.2 Relationships between hydrates and anhydrates 

Ultimately, the unique structural arrangements and interactions afforded by water molecule 

inclusion in molecular hydrates result in these phases having physiochemical properties distinct 

from anhydrous forms of the host organic molecule. One of the most important structure-property 

relationships studied in the pharmaceutical industry is solubility which is impacted by both 

polymorphism and solvatomorphism.64 Several authors have performed literature surveys 

comparing differences in the solubility of molecular hydrate/anhydrous pairs and reported that 

although there are exceptions, the solubility of an anhydrous form is frequently twice that of the 

hydrated counterpart(s).64-65 Unexpected hydrate (or anhydrous) form appearance can be 

catastrophic in the pharmaceutical industry depending on the formulation, since solubility and 

dissolution rate impact the bioavailability of the active ingredient. This was true for 

carbamazepine, an anti-convulsant drug whose anhydrous and hydrated forms exhibit dramatically 

different bioavailabilities.66 When the hydrated form was used in a generic manufacture, the drug 
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was less effective at controlling seizures and was ultimately withdrawn from the market.17, 59 

Understanding the structures of hydrated forms as well as the conditions which favor their growth 

and dictate their stability are key to assuring product performance.  

Hydrates can be directly grown from solution or indirectly via transformation from an 

anhydrous form on water uptake. Therefore, unsurprisingly, the water activity of the environment 

is a preeminent thermodynamic factor for defining the stability/sorption-desorption properties of 

hydrates and anhydrous pairs. At constant temperature and pressure, water activity, 𝑎?, in solution 

and in the gas-phase is defined by Equation 1.6 and 1.7 respectively.50, 59   

𝑎? 	= 	 𝛾? 	 ∙ 	𝛸? 1.6 

𝑎? 	= 	
𝑝
𝑝E

1.7 

where 𝛾? is the activity coefficient of water, 𝛸? is the mole fraction of water, 𝑝 is the partial 

pressure of the environment, and 𝑝E is the vapor pressure of pure water at the same temperature. 

At equilibrium, the water activity of a solution is approximately equal to the gas-phase relative 

humidity, RH which is defined by Equation 1.8.  

𝑅𝐻	 = 	𝑎? 	 ∙ 	100% 1.8 

The critical water activity, 𝑎J is the point at which an anhydrous and a hydrated form are 

in equilibrium. For a given anhydrous-hydrate pair, if the water activity of the environment is 

greater than 𝑎J the hydrate is the thermodynamically most stable form.59 Below the 𝑎J, the opposite 

is true. The phase stability of a molecular hydrate is often initially investigated by performing 

competitive slurry experiments spanning a range of water activities (i.e. aqueous-organic solvent 

compositions).50  Identifying the  critical water activity can also be achieved by collecting vapor 

sorption isotherms across a RH range.  
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Interestingly, vapor isotherms tend to exhibit differences for stoichiometric and variable 

hydrates meaning structural differences as well as thermodynamic differences can be highlighted 

using vapor sorption experiments. In general, sharp transitions with well-defined critical water 

activity values are observed when analyzing stoichiometric hydrates. This is often not the case for 

hydrates with variable water:host ratios. Some of these hydrates can absorb water quickly at low 

RH and plateau indicating a fully-occupied lattice. However, the shape of sorption isotherms can 

be quite variable, especially in instances where the water molecules are heavily disordered.59 Given 

the role water activity plays in the structure and stability of these forms, RH is an important 

variable to consider in the manufacturing and processing of molecular hydrates.  

 
 1.4.3 Dehydration reactions in molecular hydrates 

As discussed in Sections 1.2.1 and 1.4.2, it is useful to establish the thermodynamic 

relationships between structures across a wide solid form landscape to identify the 

experimental/manufacturing conditions which will favor the target form(s) and minimize risk of 

conversion(s). Since the energy barriers and transformation rates associated with solid form 

conversion dictate the practical importance of metastable phases, it is important to focus research 

efforts on the kinetic relationships between structures on a solid form landscape. This is especially 

true when defining the thermal stability of a molecular hydrate system, since water retention or 

loss are particularly sensitive to environmental conditions – i.e. temperature and relative humidity.  

Structural transformations due to unanticipated water loss can yield unfavorable consequences, 

particularly in pharmaceutical formulations.67-72 On the other hand, dehydration reactions are also 

a means to generate novel anhydrous forms that may not be accessible directly from solution 

crystallization.73-78 Many of these neat phases are metastable forms and process-induced 

desolvation can provide a route to overcoming the high barriers to rearrangement.22, 79 Regardless 
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of whether dehydration reactions are considered detrimental or advantageous, our ability to predict 

these reactions is limited by an incomplete understanding of the molecular-level mechanisms by 

which these processes occur. Consequently, there is considerable interest in establishing a more 

precise understanding of the structural factors56, 63, 80-85 that determine hydrate stability and 

molecular-level rearrangements that occur during water loss and uptake. 

The conditions required for dehydration are undoubtedly dependent on hydrate structural 

features such stoichiometry, topology, water confinement, and the strength of water-water and 

lattice-water intermolecular interactions.56, 63, 80-84, 86 In general, the water molecules in 

stoichiometric hydrates are typically integral to maintain the crystal structure – loss of any water 

via dehydration reactions typically results in structural rearrangements and/or lattice collapse.51 

Since water gain/loss can occur freely over a specific range in hydrates with variable water:host 

molecular ratios, dehydration of this structure type can result in isomorphous desolvated products 

(desolvates).87 From a topological standpoint, water molecules in isolated site hydrates are 

expected to require more energy as a driving force for dehydration reactions than those situated in 

open channel structures.50 Water molecules in a channel are generally considered more mobile and 

therefore are involved in facile dehydration reactions with minimal solid state rearrangements. In 

each of these cases, however, the number and strength of intermolecular interactions are important 

factors in dictating how “tightly” water molecules are bound to the lattice which indeed impacts 

the dehydration/sorption behaviors of the material.  

For instance, the lattice water molecules in the isolated-site hydrate of dapsone, a 

pharmaceutical on the WHO’s List of Essential Medicines,88 formed weaker water-lattice 

interactions than dapsone-dapsone interactions. Surprisingly, the hydrate was able to adopt 

variable water:host molecular ratios even though the water molecules were situated in isolated 
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lattice pockets.62 The drug, LY2624803, crystallizes as both a stoichiometric channel hydrate and 

an isolated-site hydrate with a variable water:host ratio. Dehydration of the isolated site hydrate 

involved cooperative motions of organic molecules which subtly opened pathways for water loss 

and gain over a wide RH range.56 In a recent 2018 paper, the authors summarize how the 

intermolecular interactions (host-host, host-water, water-water) differ across hydrate structures 

making it challenging to predict the dehydration behaviors of molecular hydrates based on only 

water topology or water:host ratio. For example, host-host interactions in the active pharmaceutical 

ingredients dapsone, indinavir, and brucine account for a high percentage of intermolecular 

interactions in these systems. Although these hydrates vary in their topological classification 

(isolated site or channel) each of these structures dehydrate to isomorphous desolvated lattices. 

Ultimately, it is important to deconvolute the many structural features that define the conditions 

required for dehydration, the reaction pathways, and the products associated with these solid state 

desolvation processes. Such understandings are crucial in predicting and achieving absolute 

control of molecular hydrate performance.   

 
 1.5 Characterization of molecular motions in the solid state 

 1.5.1 Bulk lattice rearrangements 

Several techniques aid in the characterization of molecular hydrates, dehydration reactions, 

and phase transformations. Undoubtedly, differential scanning calorimetry (DSC), 

thermogravimetric analyses (TGA), hot stage microscopy, and dynamic vapor sorption (DVS) are 

crucial in efforts to assess the thermodynamic and kinetic stability of hydrated and neat forms of 

a given compound. These analytical techniques are useful in determining the boundary conditions 

over which a given phase has practical use. Thermal analyses help establish compositional changes 

as a function of time and/or temperature but provide little insight into the structural changes or 
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molecular rearrangements that occur in the solid during dehydration. X-ray diffraction (XRD) 

techniques are required for complete structural analyses. Since many dehydration reactions involve 

significant lattice rearrangements, polycrystalline products are common even when starting 

materials is a single-crystal. These solid state transformations can be monitored with powder x-

ray diffraction (PXRD).89-90 We utilize this technique extensively throughout this work, and in 

particular, highlight the use of time-resolved synchrotron PXRD (sPXRD) as a tool for the rapid 

collection of high-resolution diffraction data under controlled environmental conditions. These 

features make the time-resolved technique ideal for studying temporal structural changes 

associated with dehydration reactions.91-93  

 
 1.5.2 Lattice water dynamics 

Owing to the apparent influence that the lattice water mobility has throughout the course of 

dehydration reactions, it is important to characterize these dynamics in order to correlate trends in 

lattice water mobility with dehydration behaviors. A number of research groups have investigated 

dynamics in molecular hydrates by means of inelastic light scattering56, 84, 94-99 and solid state 

nuclear magnetic resonance (ssNMR) techniques.61, 95-98, 100-105 Important structural details can be 

described using these techniques. Notably, hydrogen-bonding interactions and key lattice 

interaction sites associated with lattice water molecules can be identified. Some investigations 

have involved tracking the evolution of these structural features in-situ as the lattices dehydrate.96-

97, 102 Vibrational spectroscopy is often used to describe water mobility in channel hydrates by 

studying hydrogen-deuterium exchange processes, though underlying molecular mechanisms 

associated with these processes can remain unclear.56, 84, 94, 96 Several authors have described lattice 

water mobility quantitatively with ssNMR relaxation measurements.95, 97, 100-101, 104-105 The 
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timescales probed with relaxation measurements typically fall within the millisecond time range. 

Molecular processes occurring on timescales shorter than a millisecond remain elusive. 

 
 1.5.2.1 Water dynamics in channel hydrates 

The mobility of lattice water molecules depends on a variety of structural factors including 

topology, confinement, host-water and water-water interactions, and degree of disorder. Several 

studies have attempted to clarify these effects by focusing on a sub-class of molecular hydrates 

that incorporate water molecules in a specific topological arrangement. The chain-like water 

arrangements of channel hydrates81 have made them attractive systems in these investigations.   

It is evident that across the sub-class of channel hydrates water molecules can exhibit a variety 

of dynamic behaviors with different quantitative and qualitative descriptions. The lattice water 

molecules in channel hydrates with variable water:host ratios tend to be highly mobile.61, 96-98, 102 

Some channel hydrates, on the other hand, have demonstrated surprisingly low quantitative water 

mobility. These structures typically contain strong hydrogen-bonding interactions (water-water 

and host-water) and/or narrow channel dimensions. Notably, the observed ssNMR relaxation times 

of some channel hydrates with these ‘rigid’ structural features have been found to be longer relative 

to their respective anhydrous counterparts.104-105 Although strong, hydrogen-bonded arrangements 

of water molecules often lead to low quantitative water mobility in the form of rotational and 

translational motions, rigid, ordered water molecule arrangements can promote lattice mobility in 

the form of proton transfer.56, 94-95, 97, 103 In 2006, Vogt and coworkers97 investigated water 

dynamics a channel hydrate with two crystallographically unique water channels – one larger 

channel, with strong, ion-assisted hydrogen-bonding interactions and another, narrower channel 

with hydrogen-bonding interactions. Interestingly, the authors found that water mobility (by way 

of dehydration) was triggered in the larger of the two channels where the water molecules 
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participate in the stronger, ion-assisted hydrogen-bonds. The authors concluded that once the 

hydrate system has enough energy to overcome even some of these strong intermolecular 

interactions, confinement of the lattice water molecules was more critical to water mobility and 

therefore, dehydration events. 

 
 1.5.2.2 Quasi-elastic neutron scattering: Advantages and precedent 
 

Neutron scattering techniques offer a means to probe the local, atomic-scale structure and 

dynamics of materials in a way that complements other spectroscopic methods.106-107 Incident 

neutrons interact with atomic nuclei via short range (10-15 m) forces. Given both the neutral charge 

of a neutron and the small size of the scattering nuclei relative to the atomic diameter, the incident 

neutrons in scattering experiments are highly penetrating.108-109 The scattering power of a given 

nucleus is described by the neutron cross section 𝜎 which defines the effective area (typically 

measured in barns, where 1 barn = 1 x 10-28 m2) presented by the nucleus to the incident neutron.108 

The large incoherent scattering cross-section of 1H relative to other atoms (80.2 barns and ≤5 

barns, respectively) lends neutron scattering a useful technique in studying the dynamic processes 

associated with compounds rich in hydrogen.107, 109-110  

Quasi-elastic neutron scattering (QENS) provides direct information about the diffusive 

relaxation times of water molecules on time scales ranging from a few picoseconds to a few 

nanoseconds.107 This technique and the information it provides is attractive given the rising interest 

in the effects of solid state confinement on the arrangements and properties of water molecules 

(e.g. freezing point).111-112 Previous QENS investigations have probed the water dynamics in a 

range of porous materials – including cement,113-114 zeolites,115 porous silica,116-117 metal-organic 

frameworks (MOFs),111, 118  and minerals 112  – with variable dimensions. Confined water 

environments have a diameter range from 0.5-2.0 nm (5.0 – 20 Å). 111, 119  The use of QENS has 
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provided insights into the underlying diffusive mechanisms of water motions in these materials, 

while also highlighting quantitative timescales and energy barriers associated with these events.112, 

115, 120 Although neutron scattering techniques are well-suited to the study of water dynamics, they 

have yet to be widely employed in the study of molecular hydrates. 

 
 1.6 Overview of dissertation 
 

Broadly, the work presented herein involves the (1) development of new insights into the 

structures and solid state dehydration reactions of molecular hydrates and (2) the design, 

preparation, and characterization of mixed hydrate lattices with tailored lattice chemistry for 

structure-property control. These efforts utilize small molecules – including the nucleobases and 

nucleobase derivatives – thymine, 5-subsituted uracil analogs, and cytosine – as model molecular 

hydrate systems.  

The structure, dehydration reactions, and water dynamics of the prototypical channel hydrate 

system thymine hydrate (TH) are discussed in Chapter 3 and Chapter 4. In Chapter 3 

dehydration of TH is examined with in-situ sPXRD. This method enabled the elucidation of 

structural changes (both suble and dramatic) associated with TH dehydration and allowed for the 

characterization of anhydrous product phases. In Chapter 4 quasi-elastic neutron scattering is used 

to characterize the water dynamics in TH as well as a second nucleobase hydrate, cytosine 

monohydrate (CM). Multiple experimental time windows were used to establish qualitative and 

quantitative benchmarks for the application of this technique to molecular hydrates.  

Chapters 5-7 outline the design, preparation, and characterization of a series of mixed TH 

crystals. A lattice substitution strategy was employed in an effort to create a library of isomorphous 

solid solutions with different 5-X-uracils (X = NH2, H, CH2CH3, OH) over a range of compositions 

in an effort to tune the solid state properties of the materials. The dramatic effects of 5-aminouracil 
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(AUr) substitutions on the dehydration behaviors of mixed TH crystals are discussed in Chapter 

5. AUr substitutions resulted in (1) the dramatic expansion of the thermal stability range of the 

host hydrate lattice, (2) a significant change in the distribution of dehydration products relative to 

TH, and (3) slower dehydration kinetics across the mixed crystal series with increased AUr 

content. Chapter 6 examines the inclusion behaviors of uracil (Ur) and 5-ethyluracil (EUr) in 

mixed TH crystals in an effort to tune the hydrate channel volume. While solid solutions with Ur 

were obtained across a composition range, EUr studies point to some interesting limits of this 

lattice substitution strategy. In Chapter 7, 5-hydroxyuracil (OUr) substitutions were used to make 

isomorphous mixed TH crystals. These materials exhibit dramatic differences in both their 

resistance to water loss at elevated temperatures and moisture sorption properties which enable the 

hydrate to reversibly form. Notably dehydration of this mixed crystal phase yields a novel product 

phase relative to TH and other mixed hydrate systems investigated throughout this work.  

The characterization of the first experimental crystal structure of the AUr molecules is 

discussed in Chapter 8. Interestingly, the experimental molecular geometry of the AUr molecule 

aided in the fine-tuning of computational models for the compound and its associated crystal 

structures. Both experimental and computational insights from CSP methods are discussed in this 

chapter.  

Finally, Chapter 9 the water dynamics in TH solid solutions are investigated with quasi-elastic 

neutron scattering. With a special emphasis on thymine-AUr mixed crystals, clear differences were 

observed relative to the water dynamics in TH (Chapter 4) investigated over the same 

experimental time window, further supporting the lattice substitution method as a means of tuning 

the local water environments in molecular hydrates.   
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 CHAPTER 2. MATERIALS AND METHODS 

 2.1 Crystallization strategies 

 2.1.1 Preparation of TH and TH-D2O 

Anhydrous thymine was obtained from Sigma (≥ 99%) and used as received. An Elga 

Purelab Flex purification system was used to produce ultrapure 18.2 MΩ water for all growth 

solutions.  TH was prepared by heating aqueous thymine solutions (5 mg/mL), which were 

subsequently filtered, placed in 1 dram vials with pierced caps, and maintained at 4 °C. TH samples 

were also prepared similarly from deuterium oxide solutions (Cambridge Isotopes Laboratory 

99.9%) affording TH-D2O. In both instances, crystalline samples began to appear after ~10 hours. 

Single crystals grew as elongated (010) plates bounded by medium (110) or (011) faces, with 

typical dimensions of 0.5 x 0.15 x 0.1 mm.  

 
 2.1.2 Preparation of mixed TH-XUrx lattices 

Unless otherwise stated, mixed TH crystals were prepared similarly, starting with the solid 

state grinding of thymine and one of several 5-subsituted uracil (XUr) in fixed stoichiometric 

ratios. Uracil (Ur, Sigma, >99%), 5-aminouracil (AUr, Sigma >98%), 5-hydroxyuracil (OUr, 

Sigma), or 5-ethyluracil (EUr, Alfa Aesar, > 98%) were used without further purification. Mixed 

TH products are referred to as TH-Urx, TH-AUrx, TH-OUrx, and TH-EUrx, respectively. Following 

this nomenclature, the subscript x in TH-XUrx corresponds to the mole fraction of XUr in the 

growth solution, e.g. TH-XUr5, TH-XUr10, TH-XUr15, and TH-XUr20 were obtained from 

solutions with 5, 10, 15 and 20 mol% XUr respectively. Mixed crystals typically appeared in the 

4 °C aqueous solutions within 12 hours. The morphologies and dimensions of the materials 

obtained were dependent on the type and amount of structural analog included in the growth 

solutions.  
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 2.1.3 Preparation of crystalline 5-aminouracil 

 2.1.3.1 Solution-growth 

5-Aminouracil (AUr) was obtained from Sigma-Aldrich (≥98%) and used without further 

purification.  Ultrapure 18.2 MΩ water from an Elga Purelab Flex system was for all aqueous 

growth solutions.  Other solvents were obtained in high purity from Fisher and MilliPore Sigma.  

Crystallization was attempted from aqueous solutions at 25°C and 4°C (~1.0 mg/mL) and from 

1:1 methanol:water, 1:1 acetonitrile:water, and 1:1 chloroform:water solutions (~0.5-1.0 mg/mL) 

at 25°C. Solution crystallization yielded agglomerates of microcrystals under nearly all conditions, 

though apparent individual crystals could be isolated in some cases.  

 
 2.1.3.2 Solvent-free preparation   

Sublimation experiments were carried out using either a hot stage microscope or hot plate  

at approximately 160 °C. A schematic of the hot plate experimental set-up is shown in Figure 2.1. 

The starting material was situated between two glass slides where the source and deposition 

substrates were separated by spacers 3.18 mm in height. The deposition substrate was glass with 

either Si-OH or Si-(CH2)2CF3 chemistry. Glass slides were prepared using previously established 

methods.121 Glass slides were cleaned with piranha solution (70:30% H2SO4:H2O2), rinsed and 

dried to form hydroxylated surfaces (Si-OH). Fluorinated surfaces were prepared by heating 

hydroxylated surfaces with ~12 mM solutions of 3-3-3-trifluoropropyl-trimethoxysilane (Gelest, 

98%) in anhydrous toluene at 80 °C for 2.25 h. Functionalized glass slides were then rinsed in 

methanol and cured for 2 h at 135°C. The sublimed product was a colorless polycrystalline material 

with varying morphologies independent of glass functionality.  
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Figure 2.1. Hot plate sublimation experimental setup. Sublimation experiments were carried 

out on a hot plate at approximately 160 °C. The samples were prepared between two glass slides 

where the deposition substrate (top, green) was either unfunctionalized glass, or functionalized 

glass with Si-OH or Si-(CH2)2CF3 chemistry. Source and substrates were separated by spacers 3.18 

mm in height.  

 
 2.2 Thermal and sorption analysis 

 2.2.1 Differential scanning calorimetry (DSC) 

Thermal transitions were investigated using a TA Instruments Differential Scanning 

Calorimeter (DSC) Q200 or Q25, each equipped with a cooling system.  Dehydration experiments 

using DSC were performed typically with 3.0 - 5.0 mg samples in hermetically sealed aluminum 

pans. Samples were heated 5.0 °C/min over the target temperature range (often 25-120 °C, unless 

otherwise stated).   

 
 2.2.2 Thermogravimetric analysis (TGA) 

Thermogravimetric Analysis (TGA) data was obtained on a TA Instruments SDT Q600 or 

Q50 instrument (New Castle, DE) using a nitrogen flow rate of 50 mL/min.  All experiments used 

3.0-5.0 mg of as-grown (i.e. unground) or wet-ground (WG) crystals in either open 100 μL 
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platinum or 90 μL aluminum pans (TA Instruments). Isothermal dehydration experiments using 

TGA were performed in triplicate at each target temperature (typically between 35 and 65 °C).   

 
 2.2.2.1 Model-dependent and model-independent kinetic analyses 

As mentioned throughout Chapter 1, there are practical consequences of dehydration 

reactions and the kinetics associated with these transformations. The investigation of dehydration 

kinetics can help define the acceptable boundary conditions for exposure (e.g. temperature and 

RH) during the development and processing of fine chemicals.14 The mass transfer mechanisms of 

water loss define the kinetics of dehydration.59 Contrary to homogenous solution reaction kinetics, 

the rate-limiting step can depend on the nucleation and growth of product phases, the progress of 

a reaction interface, diffusion of reactive species to a reaction site, or the geometrical shape of the 

crystallites.122-124 Several mathematical models have been developed which describe theoretical 

mechanisms. In this work, we characterize dehydration kinetics by means of isothermal TGA 

experiments. Thermally induced weight changes are monitored as a function of time during 

isothermal heating. These data are analyzed using model-dependent and model-independent 

methods. In both cases the data are expressed in terms of reaction progress, or fraction dehydrated,  

(𝛼) which is defined by Equation 2.1 where  𝛼 is 0 < 𝛼< 1.  

𝛼 = 	
𝑚E −	𝑚Q

𝑚E −	𝑚R
	 2.1 

 
The 𝛼 vs. time data are fit to a variety of kinetic models in the general form,  

𝑑𝛼
𝑑𝑡

= 𝐴𝑒WX
YZ
[\]𝑓(𝛼) = 𝑘(𝑇)𝑓(𝛼) 2.2 

where 𝛼 is the fraction dehydrated, A is the pre-exponential or frequency factor, Ea is the activation 

energy (J/mol), R is the gas constant (8.314 JK-1mol-1), k(T) is the rate constant, and 𝑓(𝛼) is the 

reaction model in its differential form.124 The integral form of Equation 2.2 is more often used in 
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model-fitting, as significant noise is observed with differential data. The generic form of the 

integral model is shown in Equation 2.3, where 𝑔(𝛼) is the integral form of the reaction model.	

𝑔(𝛼) = 𝐴𝑒WX
YZ
[\]𝑡	 2.3 

The common solid state reaction models used in this work along with their integral 

equations are detailed in Table 2.1 and they differ in their mathematical descriptions of the rate-

limiting step of the dehydration reaction. Nucleation models have been used to describe many solid 

state reactions. Crystal imperfections in the form of impurities, point defects, cracks, surfaces, etc. 

are all sites that provide for minimized reaction activation energy.122 The rate-limiting step in this 

general mechanism class is the nucleation and growth of nuclei.123 Common nucleation models 

include the Avrami-Erofeyev (A) models. These are often referred to as JMAEK models (Johnson, 

Mehl, Avrami, Erofeyev and Kholmogorov). Equation 2.4 represents the (A) models with 

different values for n.  

[− ln(1 − 𝛼)]
g
h = 𝑘𝑡	 2.4 

 
Geometrical contraction models work under the assumption that the solid state reaction 

starts at the surface of the crystal and propagates inwards.122 In this class, the rate-limiting step is 

thought to be the progress of the product layer from the surface of the crystal inward.123 The 

nucleation event is assumed to be instantaneous regardless of the position on the surface of the 

crystal.123 When diffusive models describe solid state reactions that are controlled by the 

movement or permeation of reactants to, or product from, the reaction interface. The rate-limiting 

step is therefore the movement of reactants into reaction sites.123 These commonly describe 

desolvation reactions.123 Order-based models describe solid state reactions where the rate of the 

reaction is proportional to the amount of the reactants raised to the reaction order. Authors describe 

these models as those most similar to homogeneous kinetics.122-123  



 
 

26 

Table 2.1. Solid state reaction models and integral expressions used for kinetic analyses.122-

123 
 

Reaction Model Integral Equation 
𝑔(𝛼) = 𝑘𝑡 

Nucleation Models  
1D growth of nuclei (Avrami-Erofeyev Eq, n = 2) (A2) (-ln(1-α))0.5 
2D growth of nuclei (Avrami-Erofeyev Eq, n = 3) (A3) (-ln(1-α))1/3 
3D growth of nuclei (Avrami-Erofeyev Eq, n = 4) (A4) (-ln(1-α))1/4 
Random nucleation (Prout-Tompkins Eq) (B1/P1) ln(α/(1-α))+eα 
Power law (n = 1/2) (P2) α1/2 
Power law (n = 1/3) (P3) α1/3 
Power law (n = 1/4) (P4) α1/4 
Geometrical Contraction Models  
2D phase boundary (Contracting area) (R2) 1-(1-α)1/2 
3D phase boundary (Contracting volume) (R3) 1-(1-α)1/3 
Diffusion Models  
1D diffusion (D1) α2 
2D diffusion (D2) (1-α)(ln(1-α))+α 
3D diffusion (Jander Eq) (D3) (1-(1-α)1/3)2 
3D Diffusion (Ginstling-Brounshtein Eq) (D4) (1-(2/3)*α)-(1-α)2/3 
Reaction Order Models   
Zero-order (R1) α 
First-order (F1) -ln(1-α) 
Second-order (F2) (1/(1-α))-1 
Third-order (F3) (1/2)((1-α)-2-1) 

 

The quality of fits to each reaction model 𝑔(𝛼) is evaluated using statistical parameters 

including the correlation coefficient (R2), the standard deviation in the slope of the regression line 

(Sm). The activation energy associated with the transformation is determined from Arrhenius plots 

using the rate constants of the best fitting model(s) at each temperature. The activation energy can 

be determined from the slope of the Arrhenius plots as shown in the Arrhenius Equation (Equation 

2.5).  

𝑘 = 𝐴𝑒
WYZ
[\ 	 2.5 

 
This model-dependent method of analysis assumes constant Ea with a fixed mechanism over the 

course of the reaction. Many authors argue this assumption is too simplistic to describe the 



 
 

27 

complex behavior of many solid state reactions. Several models can be found to fit equally well 

for a given dehydration reaction under investigation due to experimental variation and because the 

underlying mechanisms can change over the course of the reaction.14  

Complementary, model-independent methods offer the ability to determine the activation 

energy at fixed points along the course of a reaction, making it possible to determine if one or more 

mechanisms are needed to accurately describe the transformations of interest.82, 122-124 The two 

model-independent methods used in this study include the Friedman Analysis125 and Standard 

Analysis. The Friedman Analysis is based on the logarithmic form of the general rate law 

(Equation 2.2) and involves plotting ln(d𝛼/dt) as a function of 1/T at each 𝛼 according to 

Equation 2.6.  

ln +
𝑑𝛼
𝑑𝑡
-
i
= 	 jln 𝐴 𝑓(𝛼)k

i
−	
𝐸mi
𝑅𝑇i

	 2.6 

The Standard Analysis82, 124 is based on the logarithmic form of the integral rate law (Equation 

2.3). This analysis is achieved by plotting -ln(t) as a function of 1/T at each 𝛼 according to 

Equation 2.7.  

− ln 𝑡i = ln +
𝐴

𝑔(𝛼)-i
	−	

𝐸mi
𝑅𝑇i

	 2.7 

 
The activation energy, Ea, at each 𝛼 can be determined from the slope of the line in both Equations 

2.6 and 2.7. Statistically significant changes in the Ea over the course of the reaction can indicate 

a change in the rate-limiting step and therefore reaction model at that point in the reaction. 

Understanding the underlying mechanisms and reaction kinetics that govern solid state 

transformations can be achieved by using both model-dependent and model-independent methods. 

Model-dependent methods provide insights into the underlying mathematical basis of the reaction 
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mechanism(s), where model-independent methods allow for the determination of activation energy 

(Ea) parameters without modelistic assumptions.   

 
 2.2.3 Dynamic vapor sorption (DVS) 

Water sorption behaviors in dehydrated samples were quantified using a TA Instruments 

Dynamic Vapor Sorption Analyzer Q5000. Kinetic analyses for sorption in TH-AUrx crystals were 

performed by monitoring the sorption as a function of time at fixed temperature and fixed relative 

humidity. Unground samples (5-10 mg) were placed in platinum pans under 98% relative humidity 

(RH) at 25°C. Starting materials for TH-AUrx sorption experiments were prepared by isothermal 

dehydration at temperatures which favored the formation of specific distributions of dehydrated 

phases. The experimental sorption data were fit to the same solid state reaction models discussed 

above in Section 2.2.2.1. The best fit models were used to determine the rate constants (min-1) 

associated with the rehydration reactions. All samples were characterized using PXRD before and 

after sorption experiments were performed. 

Water sorption-desorption behaviors in TH-OUr20 were assessed over a wide relative humidity 

range. Unground samples (5-10 mg) were placed in platinum pans at 25°C initially at 0% RH. 

Initial experiments were performed by ramping the %RH from 0-5% to 95% at 0.2%/min with an 

intermediate desorption cycle performed by ramping the %RH from 95% to 5% at 0.2%/min. The 

crystallographic product after 2 cycles of sorption was characterized using PXRD. Sorption-

desorption cycle experiments were also performed with equilibration criteria (wt% change <0.01% 

for 5 minutes) at each RH step with a maximum equilibration time of 3 hours. Sorption was also 

observed in dehydrated TH-OUr20 under atmospheric RH conditions using the precision balance 

of a TA Instruments TGA Q50.   
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 2.3 X-ray diffraction 

 2.3.1 Single-crystal x-ray diffraction 

X-ray diffraction data on single crystals of TH and several TH-XUrx samples were 

collected on either a Bruker D8 Quest Diffractometer equipped with a Photon 100 CMOS detector 

(Bruker-AXS) or a DUO Apex X-ray diffractometer equipped with an APEX II CCD detector 

(Bruker-AXS), each using multilayer mirror monochromated Mo Ka radiation (λ = 0.71073 Å) at 

100 K.  All single crystal structures were solved by intrinsic methods and refined using full-matrix 

least-squares on F2 using SHELXT-Version 2014/5 and SHELXL-2018/3 software. All non-

hydrogen atoms were modeled anisotropically while hydrogen atoms were treated with a mixture 

of independent and constrained refinement parameters. Water occupancies were freely refined 

with restraints.  In the mixed TH crystals, a disorder model was developed at the thymine 5-CH3 

position with the 5-X group of each XUr molecule. When possible, the occupancies were fixed 

based on the bulk compositions determined from 1H NMR of dissolved crystalline samples.  

The single crystal structures of TH-Ur15 and AUr were determined at 100 K by single 

crystal synchrotron x-ray diffraction at ChemMatCARS Sector 15 at the Advanced Photon Source.  

Frames were collected using ϕ scans in a Bruker platform 3-circle goniometer with fixed chi 

equipped with a Dectris PILATUS 100 detector, λ = 0.41328 Å, an undulator beam, and a diamond 

[111] crystal and two mirrors (to exclude higher harmonics) in the beam path. Data collection and 

unit cell refinement were carried out with SMART.  

 
 2.3.1.1 Refinement details: TH-H2O and TH-D2O 

The structures of TH-H2O and TH-D2O were determined at 100 K. Water and amine 

hydrogens were located in the difference maps with water O-H distances restrained 0.88 +/- 0.01 

Å.  All non-hydrogen atoms were modeled anisotropically while hydrogen atoms were treated with 
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a mixture of independent and constrained refinement parameters often using riding idealized 

contributor models.  Methyl (R-CH3) hydrogen atoms were optimized by rotation about R-C bonds 

with idealized C-H, R∙∙∙H and H∙∙∙H distances. Remaining hydrogen atoms were included as riding 

idealized contributors.  Methyl, water and amine H atom U's were assigned as 1.5 times Ueq of the 

carrier atom; remaining H atom U's were assigned as 1.2 times carrier Ueq. The TH-H2O and TH-

D2O structures matched well with the reference room temperature TH-H2O structure, (refcode: 

THYMMH).126 CCDC deposition for TH-H2O and TH-D2O structures: 2097307 and 2097312. 

The dimensions of the TH channel were determined using multiple crystallographic 

software programs. Using shelXle and refcode THYMMH, water molecules were removed from 

the .cif file.  Using the modified .cif file, the channel center position was simulated with a 

“dummy” atom (fluorine) using coordinates generated by PLATON.  The solvent-accessible voids 

were then analyzed with CrystalMaker127 software using the van der Waals atomic radii: C, 1.70 

Å; H, 1.20 Å; N, 1.55 Å; O, 1.52 Å.   

 
 2.3.1.2 Refinement details: TH-AUrx mixed crystals 

The 5-amino and 5-methyl groups in AUr and thymine were not distinguishable based on 

electron density; the AUr occupancy was therefore fixed in each structure based on the 

compositions determined from solution 1H NMR analyses. The C-C and C-N distances were set at 

1.50 (0.01) and 1.40 (0.01)	Å, respectively, and the C / N atoms in the 5-position were constrained 

to have equal anisotropic displacement parameters. The bond angles about C3 pertaining to the 5-

methyl/5-amino moieties were restrained to be 120°. Since the primary H atoms in the 5-amino 

group could not be located in the difference maps, they were placed in calculated positions. 

Similarly, H atom positions in the 5-methyl group were optimized by rotation about R-C bonds 

with idealized C-H, R∙∙∙H and H∙∙∙H distances. Water oxygen positions were readily identified 
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based on electron density, and their refined occupancies were consistent with TGA analyses.  The 

H atoms on water and secondary amines were typically observable in the difference maps.  Water 

O-H distances were restrained to be 0.88 (0.01)	Å. CCDC deposition numbers: 2059761 – 

2059764. 

 
 2.3.1.3 Refinement details: TH-EUrx and T-EUrx mixed crystals 

Electron density associated with the 5-ethyl group of EUr was located in the difference 

maps in both TH-EUr5 and TH-EUr10 structures. In TH-EUr5 the occupancy of EUr and thymine 

molecules were fixed based on the compositions determined from solution 1H NMR analyses. In 

TH-EUr10 the occupancy of the EUr and thymine molecules were allowed to refine against a free 

variable. The C5/C5B atom pair was constrained to have equal x,y,z positions and equal 

anisotropic displacement parameters.  The C5B-C6B distance was restrained to be 1.50 (0.01)	Å. 

Similar displacement amplitudes (0.01) were imposed on disordered sites overlapping by less than 

the sum of van der Waals radii. The lattice water molecule was partially occupied, and its site 

occupancy was allowed to freely refine to approximately 81%.  The water and amine H atoms 

were located in the difference map.  The water O-H distances restrained to be 0.88 (0.01)	Å.  

Methyl H atom positions, R-CH3, were optimized by rotation about R-C bonds with idealized C-

H, R--H and H--H distances. Remaining H atoms were included as riding idealized contributors. 

Methyl, water and amine H atom U's were assigned as 1.5 times Ueq of the carrier atom; remaining 

H atom U's were assigned as 1.2 times carrier Ueq.  

An anhydrous thymine-EUr mixed crystal was isolated from growth solutions containing 

20 mol% of EUr. The structural model of this mixed crystal, T-EUr20, consisted of two 

symmetrically independent halves of the target molecule. This model was refined as a pseudo-

mereohedral twin (3%).  The twin law by rows is (-1 0 0) (0 -1 0) (0.5 0 1). By symmetry the 
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ketone positions are disordered and their occupancies were fixed to 50%.  There was substitutional 

disorder of the 5-CH3 and 5-CH2CH3 groups.  The C-C distances were restrained to be similar 

(0.01 Å). Similar displacement amplitudes (0.01) were imposed on disordered sites overlapping by 

less than the sum of van der Waals radii. The relative occupancies of those groups were fixed to 

77% 5-methyl:23% 5-ethyl to match values established by 1H NMR. The amine H atoms were 

located in the difference map.  The N-H distances were restrained to be 0.88 (0.02)	Å.  5-methyl 

H atom positions were optimized by rotation about R-C bonds with idealized C-H, R∙∙∙H and H∙∙∙H 

distances. Remaining H atoms were included as riding idealized contributors.  Methyl and amine 

H atom U's were assigned as 1.5 times Ueq of the carrier atom; remaining H atom U's were assigned 

as 1.2 times carrier Ueq. CCDC deposition numbers for the three thymine-ethyluracil mixed crystal 

structures: 2085481-2085483. 

 
 2.3.1.4 Refinement details: TH-Urx mixed crystals  

TH-Ur5, TH-Ur10, and TH-Ur15 crystals were isolated from growth solutions (2.5 mg/mL) 

for single-crystal analysis. A structural model consisting of the target molecule was developed. 

Reasonable constraints and restraints were used to model substitutional disorder at the 5-CH3 and 

5-H site. The relative occupancies of those groups were fixed to match values established 1H NMR. 

The water molecule site occupancy was allowed to freely refine to approximately 81% and 83% 

in TH-Ur5 and TH-Ur10 structures, respectively. The water and amine H atoms were located in the 

difference map for these two structures. The water O-H distances and the amine N-H distances 

were restrained to be 0.88 (0.01) Å.  The lattice water molecule in the TH-Ur15 structure was 

disordered over two positions (50%) and its occupancy was fixed to 80%. Neither the water nor 

the amine H atoms were located in the difference map. 5-methyl H atom positions were optimized 

by rotation about R-C bonds with idealized C-H, R∙∙∙H and H∙∙∙H distances. Remaining H atoms 
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were included as riding idealized contributors.  Methyl, water and amine H atom U's were assigned 

as 1.5 times Ueq of the carrier atom; remaining H atom U's were assigned as 1.2 times carrier Ueq. 

CCDC deposition numbers for the three TH-Urx crystal structures: 2085477-2085479. 

 
 2.3.1.5 Refinement details: AUr 

The single-crystal structures of AUr were solved by intrinsic methods and refined using 

full-matrix least-squares on F2 using SHELXT-Version 2014/5 and SHELXL-2018/3 software. 

Non-hydrogen atoms were modeled anisotropically while hydrogen atoms were treated with a 

mixture of independent and constrained refinement parameters. The hydrogen atoms on the 5-

amino group were located in the difference maps.  The ring N-H distances were restrained to be 

0.86 (esd 0.01 Å).  The remaining hydrogen atom was included as a riding idealized contributor.  

CCDC deposition number: 2091811. 

 
 2.3.2 Cu-source and synchrotron powder x-ray diffraction 

Powder X-ray diffraction (PXRD) data were collected using either a Buker DUO Apex X-ray 

diffractometer (Cu Kα radiation, 50 kV, 30 mA current) or a Rigaku Ultima IV diffractometer 

operating in reflection mode (Cu Kα radiation, 40 kV, 44 mA current).  For experiments using the 

Bruker instrument, lightly ground samples were placed in Kapton capillaries (Cole-Parmer, 

0.0320" ID x 0.0340" OD, 12"L). Data were collected from 2θ = 5−50° and integrated using 

APEX-2 software. The Rigaku instrument was equipped with an energy selective D/teX Ultra 

silicon strip detector. Samples characterized using the Rigaku Ultima IV were loaded onto the 

zero-background, silicon sample holders. PXRD patterns were collected in the 5-40° 2θ range, 

with a 0.02° step size. PXRD data were analyzed using Panalytical X’Pert Highscore Plus 

software.128     
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All synchrotron powder X-ray diffraction data were collected at the Advanced Photon Source 

(APS) beamline 17-BM-B.  Experiments had an X-ray beam energy of ~27 keV (l = 0.39433, 

0.45212, 0.45390, or 0.45256 Å) and a beam size of 300 𝜇m.  The beamline uses a Si (311) 

monochromator, a Perkin Elmer a-Si Flat Panel PE1621 area detector, and the Oxford Cryosystems 

Cryostream 700+.  Samples were ground in the mother liquor, loaded wet into 1.1 mm OD Kapton 

capillary (Cole-Parmer), stoppered with glass wool, then placed in a flow cell designed for in-situ 

experiments.129  Samples were maintained under a constant He gas flow at 5 mL/min (essentially 

RH = 0%) and rocked at 15° throughout the data collection.  With an exposure time of 1- 2 s per 

image (summed over 10 images) this experimental setup allowed a high Q-range sPXRD pattern 

to be collected every ~13-20 s.  Dehydration experiments were performed at constant temperature 

(22 – 57 °C) and under non-isothermal heating (3 – 10 °C/min) conditions.  High-humidity 

experiments (RH ~ 70%) were also performed under constant He gas flow of 5 mL/min through a 

water bubbler. GSAS-II software130 was used for image processing and integration.  

sPXRD patterns were refined using TOPAS-V6 software.131  Rietveld refinements and 

sequential Rietveld refinements were performed using the fundamental parameters approach. The 

z-matrix was used to define the rigid body associated with small molecule organic compounds. 

Refined parameters often included background terms (chebychev, 6 terms total), zero error, unit 

cell parameters, and crystallite size and strain. Details associated with specific refinement cycles 

are noted in each respective section.  

 
 2.4 Spectroscopic methods 

 2.4.1 1H-NMR spectroscopy 

1H NMR of mixed TH-XUrx crystals dissolved in d6-DMSO were collected on a 400 MHz 

Varian Inova Spectrometer. Component ratios were determined from the integrated areas of 1H 
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NMR peaks.  Those peaks unique to thymine used for analysis (DMSO-d6) include δ: 7.24, (s, 

1H); 1.72, (s, 3H). 1H NMR peaks unique to 5-aminouracil used for analysis (DMSO-d6) include 

δ: 6.58, (s, 1H); 3.95, (s, 2H). 1H NMR peak unique to 5-hydroxyuracil used for analysis (DMSO-

d6) include δ: 6.83, (s, 1H). 1H NMR peaks unique to uracil used for analysis (DMSO-d6) include 

δ: 5.44, (d, 1H); 7.38 (d, 1H). 1H NMR peaks unique to 5-ethyluracil used for analysis (DMSO-

d6) include δ: 0.99 (t, 3H); 2.16, (q, 2H); 7.16, (s, 1H). Values were normalized for the number of 

hydrogens. Average component ratios in the TH-XUrx lattices were used in the development of the 

X-ray structure models based on these occupancy results. 

 
 2.4.2 Raman spectroscopy 

Raman spectra were collected using a Horiba LabRAM HR Evolution confocal microscope 

with a 532 nm laser and 1800 I/mm grading filter. The laser power was set to 100%. A 50x 

objective was used with an acquisition time of 30 s for 2x accumulations. 

 
 2.5 Optical and hot stage microscopy 

Optical micrographs were obtained on an Olympus BX-50 polarizing microscope fitted with a 

Lumenera Xfinity 2.0 camera attachment and Xfinity Analyze software (Lumenera, Ontario).  Hot 

stage microscopy was accomplished with an HCS302 optical hot stage (INSTEC, Inc., Boulder, 

CO).   

 
 2.6 Quasi-elastic neutron scattering  

 2.6.1 Theory  

Consistent with quantum mechanical descriptions, the wavelength, 𝜆 and kinetic energy, 

E, of an incident neutron in a scattering experiment are related to the neutron velocity, 𝛎. These 
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relationships are defined in Equations 2.8 and 2.9 where ℎ is Planck’s constant, m is the mass of 

the neutron (1.67495 x 10-27 kg), and m𝛎 is the momentum of the neutron.108  

𝜆 = 	
ℎ
𝑚𝛎

2.8 

𝐸 = 	
1
2𝑚𝛎

r 2.9 

The neutron wave-vector, k, is often used to describe the neutron’s trajectory and has a magnitude 

of  

𝐤 = 	
2	𝜋
𝜆 2.10 

The neutron momentum and energy can be expressed in terms of the wave-vector, k using 

Equations 2.11 and 2.12, respectively. 

𝑚𝛎 =	
ℎ	𝐤
2	𝜋

= ℏ𝑘 2.11 

𝐸 = 	
ℏr𝐤r

2𝑚
2.12 

where ℏ is the reduced Planck’s constant. In colliding with the scattering nucleus, the incident 

neutron can undergo changes in both momentum and energy. The momentum transfer is defined 

as ℏQ and is related to the neutron wave-vectors by the equation  

ℏ𝐐 = ℏ(𝐤 − 𝐤x) 2.13 

where k and k’ are the wave-vectors of the incident and scattered neutrons, respectively. The 

magnitude and direction of the scattering vector, Q, are dependent on both the wave-vectors k and 

k’ and the angle through which scattering takes place, 2𝜃. The energy transfer, E, between an 

incident neutron and scattering nuclei is defined by Equation 2.14 where 𝐸E and 𝐸x are the 

energies for the incident and scattered neutrons, respectively. 
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𝐸 = (𝐸E − 𝐸x) = 	
ℏr

2𝑚
(𝐤 − 𝐤x) 2.14 

A neutron scattering experiment involves measuring the scattered intensity as a function of 

momentum and energy transfer. This measurable quantity, S(Q,E), is referred to as the neutron-

scattering law. Depending on the nature of the interactions within a sample and the particular 

resolution of the neutron spectrometer, different scattering events can be observed. It is helpful to 

describe these events pictorially with scattering triangles as well as with schematics of the S(Q,E) 

signals as shown in Figure 2.2.  

In a scattering experiment where the neutron energy is unchanged, the magnitude of its 

velocity and therefore the magnitude of its wave-vector are also unchanged.108 Such a scattering 

event is termed elastic neutron scattering. The value of the scattering vector, Q can be determined 

according to the scattering triangle in Figure 2.2a using Equation 2.15 - a variation of Bragg’s 

Law. The energy transfer, E = 0 for elastic scattering results in a sharp gaussian S(Q,E) curve as 

shown schematically in Figure 2.2b.  

𝐐 =
4	𝜋	 sin 𝜃

𝜆 	 2.15 

Unlike elastic neutron scattering, inelastic scattering (INS) involves a significant exchange of 

energy between the incident neutron and the scattering nuclei. INS often results in excited 

transitions (with discrete energy steps) in the sample, shown schematically in Figure 2.2a. If the 

incident neutron gains energy from the scattering sample nucleus, k’ > k and scattering curves 

such as those listed as (2) in Figure 2.2b are observed. This is referred to as upscattering. If the 

incident neutron loses energy to the scattering sample nucleus, k’ < k and scattering curves such 

as those listed as (3) in Figure 2.2b are observed. This is referred to as downscattering. Quasi-

elastic neutron scattering (QENS) originates from diffusive motions of nuclei in the sample and is 
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typically observed as small energy transfers close to zero.107-108, 119, 132 These small energy transfers 

are manifested as broadening about the elastic scattering line (Figure 2.2b, blue curve). Herein, 

QENS is used to probe the dynamics of water molecules in crystalline molecular hydrates.  
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Figure 2.2. Schematic representations for elastic, quasi-elastic, and inelastic neutron 

scattering events. (A) Scattering triangles of elastic and inelastic neutron scattering events. Where 

elastic scattering involves no change in initial and final energies, i.e.  k = k’, inelastic neutron 

scattering involves a significant energy transfer, where k ≠ k’. (B) Schematic representations of 

scattering events. Elastic scattering (dotted curve, shaded grey) where energy transfer, E = 0 meV. 

Small energy transfers close to zero are considered quasi-elastic scattering events (broadening 

about the elastic line, blue curve). Inelastic scattering typically involves large, discrete energy 

transfers. Figure adapted with permission.a 

 
The neutron scattering law, or dynamic structure factor, S(Q,E) for QENS experiments in 

this work contains the measurable information on the sample in space (momentum) and time 

 
 
a Adapted by permission from Elsevier, Microporous and Mesoporous Materials, Quasi-elastic neutron scattering and 
molecular dynamics simulation as complementary techniques for studying diffusion in zeolites, Jobic, H.Theodorou., 
D. N., doi:10.1016/j.micromeso.2006.12.034, Copyright © 2006 Elsevier Inc.  
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(energy). This measurable quantity is defined by Equation 2.16 where Scoh(Q,E) and Sinc(Q,E) are 

the dynamic structure factors for coherent neutron scattering and incoherent neutron scattering, 

respectively. 

S(𝐐, 𝐸) = 	 S~��(𝐐, 𝐸) + S���(𝐐, 𝐸)	 2.16 

Coherent scattering, Scoh(Q,E), involves the incident neutron interacting with the sample 

as a single unit. This type of scattering provides information on correlated motions of atoms, such 

as vibrational waves, in a crystalline lattice.108 In this work, we take advantage of incoherent 

scattering signals, Sinc(Q,E), where the incident neutron wave interacts independently with each 

scattering nucleus in the sample. As such, there is no interference between scattered waves.108-109, 

133  

The coherent and incoherent dynamic structure factors are both Fourier transforms of time-

dependent functions, G(r,t). In other words, ℏQ and E are the Fourier-transformed variables of r 

and t in space and time, respectively. For Scoh(Q,E) this function is the pair-correlation function, 

Gp(r,t) containing information on collective dynamics of nuclei.107-108, 119, 133 The time-dependent 

function for Sinc(Q,E)  is the self-correlation function, Gs(r,t). The function, Gs(r,t) represents the 

probability that a scattering hydrogen nucleus will be displaced in 3-dimensional space within a 

characteristic time and therefore contains information on dynamics of individual nuclei.107-108, 119, 

133 Therefore, the dynamic events in an experimental sample determine the correlations in a 

sample, Gs(r,t) which results in measurable Sinc(Q,E) information.  

If we consider the time-dependence of the probability that a stationary nucleus is correlated 

to itself, the scattering is elastic in nature (E = 0) as shown in Figure 2.3a. If we instead consider 

the time-dependence of the probability of a randomly diffusing particle is correlated to itself, there 

is an incoherent scattering signal exhibited in Figure 2.3b where the energy transfer ≠ 0. In the 
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QENS experiments performed in this work, we monitor the decay in the correlations of dynamic 

molecule positions with time. Multiple experimental time windows can be probed in an effort to 

characterize dynamic events occurring on multiple timescales.   

 

 
Figure 2.3. Schematics representations of self-correlation functions and Fourier transformed 

dynamic structure factors. Schematics representing (left) self-correlation functions, Gs(r,t) and 

(right) Fourier transformed incoherent dynamic structure factors Sinc(Q,E). (A) The self-

correlation function and observed scattering for a stationary nucleus, which is elastic in nature. (B) 

The self-correlation function and observed scattering for a randomly diffusing nucleus, which is 

quasi-elastic in nature. Figure adapted with permission.b  

 
  

 
 
b Adapted by permission from Elsevier, Microporous and Mesoporous Materials, Quasi-elastic neutron scattering and 
molecular dynamics simulation as complementary techniques for studying diffusion in zeolites, Jobic, H.Theodorou., 
D. N., doi:10.1016/j.micromeso.2006.12.034, Copyright © 2006 Elsevier Inc.  
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 2.6.2 Experimental  

All neutron scattering experiments were performed using the high-flux backscattering 

spectrometer (HFBS)134 or the disc-chopper spectrometer (DCS)135 at the NIST Center for Neutron 

Research (Gaitherburg MD, USA).  Each of the hydrate samples were vacuum dried and washed 

in D2O.  Samples for each experiment were weighed (~1 g and ~2 g HFBS and DCS, respectively), 

packed in aluminum foil, and rolled into thin-walled aluminum sample cans with an annular 

geometry. The sample height was approximately 3 mm or 100 mm to accommodate the beam size 

for the HFBS and the DCS, respectively. Experiments were conducted using annular cans which 

were either sealed (with 1.0 mm indium or lead o-rings) under a dry He atmosphere or held under 

vacuum.  Fixed (elastic) window scan (FWS) experiments were performed by heating samples at 

0.8 K/min to the target temperatures.  

The HFBS is a reactor-based, indirect geometry spectrometer that uses cold neutrons with 

an energy of 2.08 meV.  The doppler monochromator and single-crystal analyzer make use of Si 

(111).  A top loading closed cycle refrigerator (CCR) sample environment was used for each 

experiment. Detectors used for analyses covered a Q-range from 0.62 to 1.68 Å-1. A vanadium can 

was used to model the instrument resolution, as it provides a resolution-limited peak centered at E 

= 0 𝜇eV. The energy resolution of the instrument (FWHM) was ~1 𝜇eV with a dynamic window 

of either +/- 11 or +/- 15 𝜇eV.  This energy range corresponds to detectable dynamics from 

approximately 1.3 ns to a lower limit of 0.1 or 0.09 ns for each respective dynamic range.  After 

confirming the observed QENS broadening in each sample was independent of Q, the data were 

summed over each of 10 individual detectors (5-15) to improve statistics.  Fixed window scan 

(FWS) experiments were performed using a fixed doppler frequency (0 Hz) resulting in fixed wave 
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vectors, k and k’. As a result, scattered neutrons of a specific energy (2.08 meV) were recorded. 

FWS data were normalized by the mass of each sample. 

While the HFBS instrument provides information on nanometer/nanosecond dynamics, the 

Disc-Chopper Spectrometer (DCS) 135 at NCNR provides information on Angstrom/picosecond 

dynamics. The DCS is a direct geometry time-of-flight spectrometer with seven disk choppers. 

The time-of-flight of scattered neutrons is monitored over a fixed distance (4 m) and uses a 

wavelength of 4.8 Å. A vanadium can was used to model the instrument resolution, as it provides 

a resolution-limited peak centered at E = 0 meV. The instrument configuration allowed for data 

collection over a Q-range from 0.5 to 2.0 Å-1 with an energy resolution (FWHM) of ~0.120 meV. 

Data analysis and visualization environment (DAVE) software was used for the treatment and 

quantitative analyses of FWS and QENS data.136 

 
 2.6.3 Data analysis and interpretation  

In the QENS experiments presented herein, the measurable Sinc(Q,E) involves small energy 

transfers close to zero.107-108, 119, 132 These small energy transfers, or quasi-elastic signals manifest 

broadening about the elastic scattering line which is centered at E = 0. The interpretation of quasi-

elastic broadening signals requires careful analyses in order to accurately identify which diffusive 

mechanisms are operating in a particular sample. This can be done empirically, by comparing the 

features of the experimental scattering data to theoretical scattering models derived from analytical 

expressions. Each model has a unique scattering “fingerprint” – i.e. a unique self-correlation 

function, Gs(r,t) and incoherent scattering law, Sinc(Q,E). Determining which theoretical scattering 

description(s) fit(s) the measured Sinc(Q,E) typically involves analyzing the Q-dependence of the 

quasi-elastic broadening signal (Γ) and/or the Q-dependence of the elastic contribution to the 

overall scattering signal (i.e. the elastic incoherent structure factor, EISF).109, 119, 133, 137  The Q-
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dependence curves can be fit to the corresponding theoretical models in order to describe the 

molecular motions operating in the sample. 

There are a number of diffusive mechanisms that are used to describe the underlying 

molecular motions responsible for generating quasi-elastic scattering signals. Several common 

rotational and translational diffusive motions of water molecules are shown pictorially in Figure 

2.4. Relevant mechanisms include isotropic rotation as well as anisotropic rotations about a 

molecular axes (Figure 2.4a and 2.4b, respectively) which have been characterized in a variety 

of solid state systems including inorganic porous zeolites - with dynamic guest molecules such as 

methanol119, 138-139, phenol140, benzene141-142, and water115 - to organic molecular crystals with 

rotating alkyl side-chains143-144. Translational diffusive mechanisms include isotropic translational 

motion (Figure 2.4c) as well as variations of jump diffusion, where for a characteristic time, a 

scattering nucleus vibrates at a given site before jumping to the next lattice position (Figure 2.4d). 

More complex models have been used to describe the motions of species occupying the pores or 

channels in solid state lattices.115, 139-140, 145  Figure 2.4e is one such example where the water 

molecule experiences translational motion within a confined volume (e.g. a sphere).  
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Figure 2.4. Schematic representations of possible diffusive mechanisms for water molecules 

in molecular hydrates. Possible diffusive mechanisms for water molecules in molecular hydrates 

ranging from rotational motions (a-b) to translational motions (c-e). 

 
Broadly speaking, it is possible to narrow the scope of possible diffusive mechanisms by 

assessing the overall shape of the Q-dependence curves. For example, if experimental values for 

Γ are found to be independent of Q, the scattering is most likely due to local or rotational dynamics. 

In cases where experimental broadening values are found to demonstrate a Q-dependence longer-

range mechanistic models are typically explored. The theoretical scattering for isotropic 

translational motions results in the linear Γ vs Q2 curve shown in Figure 2.5a.119 There are several 

models that describe variations of jump diffusion where, for a characteristic time, a scattering 

nucleus vibrates at a given site before jumping to the next position (Figure 2.4d).119, 132-133 As 

shown in Figure 2.5a, this type of diffusion results in a linear dependence of  Γ on Q2 at low values 

of Q, but a more complex relationship at higher values of Q. In addition to isotropic and jump 

translational models, some others have been developed that describe translational diffusion within 

confined volumes (e.g. a sphere as in Figure 2.4e). These models have been used to describe the 

dynamics of guest molecules occupying pores or channels in solid state lattices.115, 139-140, 145 In 

these cases, experimental Γ vs Q2 curves would resemble Figure 2.5b. In this curve, a threshold 

Q-value exists at Q = r	�
���������

 ÅWg where dconfined is the diameter of the spherical volume occupied 

A. Isotropic B. Anisotropic C. Isotropic D. Jump E. Confined space

Rotational dynamics Translational dynamics
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by the diffusing species. Below this threshold, at distances outside of the confined volume, the 

quasi-elastic contribution to the overall scattering signal is negligible and exhibits no Q-

dependence. Above this threshold, the quasi-elastic signals exhibit a Q2 for isotropic diffusion 

within the specified confined volume.145  

Certainly, the dynamic processes probed with QENS are complex and the variety of 

diffusive models derived from analytical expressions have been invaluable in understanding these 

processes. Unfortunately, there are instances when the diffusive mechanism(s) cannot be 

sufficiently determined using this empirical approach. In cases where, for example, these dynamics 

are convoluted in a combined motion, the analysis and interpretation of experimental scattering 

data is often not straightforward.137 Further, the magnitude of the quasi-elastic scattering signal is 

important in dictating the success of this approach. When the quasi-elastic contribution to the 

overall scattering signal is subtle compared to the elastic feature of S(Q,E), it can be difficult to 

confidently define the diffusive mechanism(s) responsible for quasi-elastic signals.  
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Figure 2.5. Representative curves for the Q-dependence of quasi-elastic broadening signals. 

The Q-dependence of quasi-elastic broadening signals, Γ. (A) General translational diffusion 

models including isotropic diffusion (linear dependence of Γ on Q2) and jump diffusion (deviations 

from linearity at higher values of Q). (B) Translation within a confined volume (dotted line) above 

a threshold Q-value of Q = r	�
���������

 ÅWg (dashed line). Below this threshold, quasi-elastic 

scattering is negligible, as the distances are outside of the designated confined volume. Figure 

adapted with permission.cd 

 
The molecular hydrate systems discussed herein contain both dynamic molecules (water) 

and molecular fragments (methyl groups). We expect both species to undergo localized, rotational 

motion with unique characteristic relaxation time. A single Lorentzian function was used to model 

the quasi-elastic scattering in our samples. Quantitative broadening was extracted from the full-

 
 
cAdapted by permission from Elsevier, Microporous and Mesoporous Materials, Quasi-elastic neutron scattering and 
molecular dynamics simulation as complementary techniques for studying diffusion in zeolites, Jobic, H. and 
Theodorou., D. N., doi:10.1016/j.micromeso.2006.12.034, Copyright © 2006 Elsevier Inc. 
dAdapted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, The European 
Physical Journal - Special Topics, Neutron spectroscopy for confinement studies, Zorn, R., doi: 10.1140/epjst/e2010-
01310-4, Copyright © 2010, EDP Sciences and Springer. 
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width-at-half-maximum (FWHM) of the Lorentzian component, Γ. The magnitude of the 

resolution-corrected quasi-elastic scattering is inversely proportional to the characteristic 

timescale associated with the diffusive event. This relationship is defined in Equation 2.17, where 

𝜏, is the diffuse relaxation time and represents the decay of Gs(r,t) correlations with time. Slow 

diffusive events occurring on long timescales correspond to smaller values of E.  

𝜏 =
ℏ
Γ
	 2.17 
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 CHAPTER 3. TIME-RESOLVED COOPERATIVE MOTIONS IN THE SOLID STATE 

DEHYDRATION OF THYMINE HYDRATEe 

 3.1 Introduction  

As one of the four DNA nucleobases and a component of several active pharmaceutical 

ingredients used in the treatment of diseases ranging from HIV to Hepatitis B,146-147 investigations 

into the structure-property relationships across the solid form landscape of thymine are arguably 

important. Solid state studies on thymine hydrate (TH) date back to its first structure report over a 

half century ago (refcode: THYMMH).148  In the 1980s, Perrier and Byrn149 showed with hot stage 

microscopy that single crystal dehydration of TH was highly anisotropic, with the fastest water 

loss occurring along the 1-dimensional water channel direction (c-axis). Since the structure of 

thymine hydrate was first reported, it has been the focus of several computational and experimental 

investigations.80, 84, 94, 126, 150-154  A more recent 2016 study by Braun et al84 examined TH 

dehydration with a more diverse array of experimental techniques including DSC, TGA, PXRD, 

IR and Raman spectroscopy, and dynamic vapor sorption. Additional experimentally accessible 

anhydrous polymorphs152 and thermodynamic relationships were identified and characterized in 

this work.  Using computational methods they also found that the maximum water occupancy of 

the 1-dimensional channels is ~ 80%.  Importantly, potential anhydrous thymine polymorphs were 

generated through crystal structure prediction methods. We are grateful to Dr. Doris Braun for 

sharing their calculated anhydrous thymine polymorph structures with us for this and subsequent 

work. 

 
 
eReprinted and adapted with permission from Watts, T. A.; Miehls, E. K.; Swift, J. A., Time-Resolved Cooperative 
Motions in the Solid-State Dehydration of Thymine Hydrate. Crystal Growth and Design 2020, 20, 7941-7950. 
Copyright © 2020, American Chemical Society. 
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As discussed previously in Chapter 1, namely in sections such as Section 1.5.1, 

investigations of solid state dehydration typically employ a range of analytical tools such as 

thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), hot stage 

microscopy, and X-ray diffraction on single crystals and/or powders. Thermal analyses can 

establish compositional changes as a function of time and/or temperature, but little insight into the 

structural changes or molecular rearrangements that occur in the solid during dehydration.  

Diffraction methods provide better insight into structural changes, however, data collection times 

on conventional powder X-ray instruments are typically slower than what is needed to capture the 

subtle and dynamic structural changes which occur in real time.  Recent advances in time-resolved 

synchrotron powder X-ray diffraction (sPXRD) enable the rapid collection of high resolution data 

under controlled environmental conditions.  This makes it an ideal technique to study temporal 

structural changes associated with solid state form changes in molecular hydrates.155-157   

In this Chapter, we demonstrate how time-resolved sPXRD methods afford unprecedented 

insight into the mechanistic aspects and time-resolved structural changes that occur throughout the 

solid state dehydration of TH over a wide temperature range.  Time-resolved synchrotron powder 

x-ray diffraction studies performed at the Advanced Photon Source beamline 17-BM-B revealed 

a number of subtle changes in the TH lattice which precede the formation of anhydrous thymine 

and led to the identification of at least three anhydrous products.  When taken in combination with 

TGA kinetic studies, this approach provides the most detailed molecular-level insight into the 

subtle molecular motions that occur during dehydration of this classic hydrate system.   
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 3.2 Experimental details 

 3.2.1 Sample preparation and characterization  

Materials and crystal growth methods used in the preparation of TH are noted in Section 

2.1.1. Optical and hot stage microscopy as well as PXRD experimental details can be found in 

Section 2.5 and 2.3.2, respectively.  

 
 3.2.2 Thermal and kinetic analysis 

Dehydration in TH was characterized by DSC and TGA (Section 2.2.1 and 2.2.2, 

respectively). Isothermal dehydration experiments using TGA were performed in triplicate at 35, 

45, and 50 °C.  The fraction dehydrated, α, was determined from the % mass loss at each data point 

relative to the total experimental wt % loss (on average 9.4(4) wt %) (according to Equation 2.1). 

The linear portions (0.25 < α < 0.9) of the isothermal TGA curves were then subjected to kinetic 

analyses following established model-dependent and model-independent methods (Section 

2.2.2.1).  For model-dependent analyses, data were fit to each of the solid state models in Table 

2.1 and assessed based on the correlation coefficient (R2).  

 
 3.2.3 In-situ sPXRD  

The experimental details associated with the time-resolved sPXRD measurements are found 

in Section 2.3.2. Rietveld refinement of the TH structure was performed using sPXRD data 

collected at 22, 27, 45, 50 and 57 °C. An experimental structural model for Td1 was determined 

from 27 °C isothermal data through multiphase refinement (the final sPXRD pattern contained a 

small amount of TH) using a computed starting model (32_113) reported in reference 84. Refined 

parameters included background terms (chebychev, 6 terms total), zero error, unit cell parameters, 

and crystallite size and strain.  The rigid body and associated atomic positions were fixed for TH 
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and refined for Td1.  The final Td1 structure had a Rwp = 15.39% and a goodness-of-fit (GOF) = 

6.42.    

An experimental structural model for Td2 was determined by heating a TH sample at 10 °C/min 

to a maximum temperature of 100 °C. The sample (a mixture of Td1 and Td2) was subsequently 

cooled to room temperature. Once exposed to RH ~ 70%, the phase fraction of Td1 was slowly 

reduced resulting in a powder pattern that was majority Td2 with only a small amount of TH phase 

impurity.  Td2 was indexed to a C2 cell and subjected to Pawley refinement, with simulated 

annealing used for structure solution.  Refined parameters included background terms (chebychev, 

6 terms total), zero error, unit cell parameters, and crystallite size and strain. The refinement 

improved slightly when the structural model included ~3% TH as a phase impurity. The final 

Rietveld refinement gave a Rwp = 13.38% and a GOF = 5.46.  

 
 3.3 Results and discussion 

 3.3.1 Thymine hydrate structure 

TH is a classic hydrate system in which 1-dimensional channels along the ± c-axis are 

occupied by water molecules.  Several views of the TH structure are presented in Figure 3.1, with 

water molecules shown in blue for clarity.  Figure 3.1a is a view down the channel (c-axis) in 

which water molecules hydrogen bond to one another as well as to the O4 atoms of thymine 

molecules. The water channels are delineated on two sides by the 5-methyl groups of thymine, and 

above and below by the O4 and C6-H groups.  Thymine molecules assemble into planar hydrogen 

bonded ribbons which orient along [101].  In Figure 3.1b, TH is viewed down the ribbon direction, 

which serves to highlight their planarity and parallel alignment which creates close packed (3.8 Å 

repeat) π-stacks in the c-axis direction.  The hydrogen bonding motif within each ribbon via 

O2…H-N3 (O2…N3 = 2.84 Å) is non-polar (Figure 3.1c).  
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Two additional structural aspects are directly relevant to the ensuing discussion.  Notably, 

the ribbons within each densely packed plane are tilted by ~ 12° relative to the b-axis, with the ± 

sign of the tilt alternating in adjacent (010) planes.  The view in Figure 3.1d is just slightly off the 

b-axis to illustrate the spatial relationship between the water channel (blue arrow), π-stacking (grey 

arrow), and thymine ribbon (dashed oval) directions.  The water channels and π-stacking directions 

parallel one another whereas each thymine ribbon traverses multiple water channels within the 

(010) plane.  
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Figure 3.1. Multiple views of the TH structure. Multiple views of the TH structure.  (A) View down 

the c-axis.  One water channel is indicated by the dashed blue circle.  (B) View down the [101] thymine 

ribbon direction where one thymine ribbon is identified by the dashed black oval.  Each ribbon is tilted by 

~ 12° relative to the b-axis. (C) Hydrogen bonding between thymine molecules creates a non-polar 

ribbon.  (D) View ~12° off the b-axis helps to visualize the relative arrangement of these features.  Water 

channels and π-stacking (blue and grey arrows) run in parallel while the hydrogen bonded thymine tapes 

traverse many water channels within a (010) layer. 

 
 3.3.2 Thermal analysis and dehydration models 

The properties of TH were first investigated using hot stage microscopy and DSC, yielding 

results consistent with previous studies.84, 149  Hot stage microscopy experiments confirmed highly 

anisotropic dehydration, with the fastest rates occurring along the ± c-axis (Figure 3.2).  

Dehydration of single crystals yielded polycrystalline material which retains the same original 

plate morphology.  Differential scanning calorimetry experiments showed TH dehydration at 

54.4(7) °C (95% CI, n > 5) when performed in hermetically sealed pans at a heating rate of 5.0 

°C/min (Figure 3.3). Thermogravimetric analysis (TGA) showed an average weight loss of 9.4(4) 
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wt% (95% CI, n > 3), which corresponds to a water occupancy of 0.72(5) (95% CI, n > 3) as shown 

in Figure 3.3 overlayed with representative DSC data. 

 

 

Figure 3.2. Hot stage micrographs during the in-situ dehydration of a TH single crystal. Hot 

stage microscopy images of a TH single crystal as it is dehydrated isothermally (60 °C) to 

polycrystalline product.  Highly anisotropic water loss is indicated by the opacity which develops 

over time.  
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Figure 3.3. Variable-temperature dehydration of TH by means of DSC and TGA.  

Representative DSC thermograms of unground TH heated at 5 °C/min in a hermetically sealed 

pan (green curve).  The average Tmax (black dashed circle) was 54.4(7) °C. TGA of unground TH 

crystals showing an average 9.4(4) wt % loss (red curve).  

 
 Isothermal TGA data at 35°C, 45°C and 50°C were collected in triplicate and the extent of 

the reaction, expressed as the fraction of TH converted (α), was calculated from the change in 

weight with time (Figure 3.4).  In some cases, a small fraction of TH begins to dehydrate prior to 

reaching the target isothermal temperature, but good linearity was generally observed between 

0.25 < α < 0.9, so this data range was used in subsequent kinetic analyses.82, 122-124, 158-159  
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Figure 3.4. Isothermal TH dehydration monitored using TGA.  TGA data obtained in triplicate 

for isothermal dehydration of TH at 35°C (orange), 45 °C (red), and 50°C (blue).  The inset is a 

close-up of the region from 0 – 22.5 minutes.  

 
 Model-dependent analyses, which are useful in identifying the most probable rate-limiting 

step in the solid state reaction, involved fitting the linear region of the isothermal TGA curves in 

Figure 3.4 to the solid state dehydration models (e.g. nucleation and growth, geometrical 

contraction, diffusion, and reaction order) listed in Table 2.1.  The quality of the fit to each model 

was evaluated based on the correlation coefficient (R2).  At both 35°C and 50°C, the 1-dimensional 

diffusion mechanism (D1) model provided the highest correlation R2 = 0.9980 and 0.9971, 

respectively.  Data at 45°C had an equally good fit for this model and a 1-dimensional growth of 

nuclei (A2) model.  Table 3.1 details the R2 results from all models. Dehydration of TH via a 1-

dimensional diffusion mechanism is also consistent with hot stage microscopy which qualitatively 

showed highly anisotropic dehydration along the c-axis.  
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Table 3.1. Regression parameters for isothermal TGA data fit to various solid state reaction 

models. Best-fit reaction models (highlighted in red) are identified as those with average (n = 3) 

R2 values of 0.99 and above for all three temperatures measured.  

 

 
 Kinetic analyses with model-independent methods allowed the activation energy (Ea) to be 

determined at fixed points along the reaction coordinate without any additional mechanistic 

assumptions. Typically, when a constant Ea over the experimental time period is observed, it is 

assumed that the mechanism does not change throughout the reaction. When time-dependent 

changes in Ea are observed, more than one more reaction model may be needed to accurately 

describe the dehydration mechanism. Both Friedman125 and Standard160-161 analysis methods 

yielded a similar steady Ea = 115 – 122 kJ/mol throughout the dehydration reaction (Figure 3.5).  

Based on these thermal data analyses, one would surmise that TH dehydration occurs via a 

consistent 1-step mechanism throughout the course of the reaction.   

Dehydration Models Integral Equation
! " = $%

Average R2 value (n = 3)
35 °C 45 °C 50 °C

Nucleation & Growth
1D growth of nuclei (Avrami-Erofeyev Eq, n = 2) (A2) (-ln(1-α))0.5 0.9956 0.9986 0.9963
2D growth of nuclei (Avrami-Erofeyev Eq, n = 3) (A3) (-ln(1-α))1/3 0.9888 0.9949 0.9920
3D growth of nuclei (Avrami-Erofeyev Eq, n = 4) (A4) (-ln(1-α))1/4 0.9840 0.9916 0.9884

Random nucleation (Prout-Tompkins Eq) (P1) ln(α/(1-α))+eα 0.9915 0.9965 0.9939
Power law (n = 1/2) (P2) α1/2 0.9361 0.9536 0.9469
Power law (n = 1/3) (P3) α1/3 0.9241 0.9435 0.9357
Power law (n = 1/4) (P4) α1/4 0.9177 0.9379 0.9296

Geometrical Contraction
2D phase boundary (Contracting area) (R2) (1-(1-α)1/2 0.9647 0.9768 0.9730

3D phase boundary (Contracting volume) (R3) 1-(1-α)1/3 0.9940 0.9970 0.9959
Diffusion 

1D diffusion (D1) α2 0.9980 0.9980 0.9971
2D diffusion (D2) (1-α)*(ln(1-α))+α 0.9923 0.9938 0.9945

3D diffusion (Jander Eq) (D3) (1-(1-α)1/3)2 0.9951 0.9898 0.9913
3D Diffusion (Ginstling-Brounshtein Eq) (D4) (1-(2/3)*α)-(1-α)2/3 0.9759 0.9626 0.9609

Reaction Order 
Zero-order (R1) α 0.9914 0.9833 0.9842
First-order (F1) -ln(1-α) 0.9958 0.9899 0.9875

Second-order (F2) (1/(1-α))-1 0.9105 0.8897 0.8613
Third-order (F3) (1/2)*(((1-α)-2)-1) 0.7625 0.7330 0.6490
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Figure 3.5. Results of model-independent kinetic analyses of TH dehydration. Model-

independent plots for Friedman (left) and Standard (right) Analyses. The analyses provide for 

average calculated activation energy values between 112-128 kJ/mol. The activation energy values 

are constant over the course of the reaction.  

  
 3.3.3 Structural insights by means of sPXRD 

We monitored the structural changes that occur over time during the in-situ dehydration of 

TH using time-resolved synchrotron powder X-ray diffraction. Dehydration experiments were 

completed under isothermal heating conditions (22, 27, 45, 50 and 57 °C) with a constant He gas 

flow of 5 mL/min (essentially a 0% RH).  Additional experiments in which TH was heated from 

22 to 222 °C at rates of 1, 3, 5, and 10°/min were also performed.  Diffraction data were collected 

using an exposure time of 1-2 s per image with summation over 10 images, thereby enabling a 

high resolution sPXRD pattern to be collected approximately every 13-23 s.  Rietveld refinement 

of the sPXRD data allowed for examination of early structural changes in TH which precede the 

appearance of anhydrous product, reaction kinetics based on changing phase compositions over 

time, and structure determination of the anhydrous products. 

 Compared to the TGA kinetic analyses (Section 3.3.2) which indicated TH dehydration 

occurred via a 1-step mechanism, isothermal time-resolved sPXRD experiments revealed a 
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significantly more complex set of interrelated structural changes. Depending on the thermal 

conditions, each of the sPXRD dehydration experiments yielded either one or two major 

dehydration products, which we refer to as Td1 and Td2.  In some experiments, a small number of 

unassignable low intensity diffraction lines indicated the presence of a third additional phase which 

we refer to as Td*.  Our detailed description of the structural changes that occur begins with an 

analysis of dehydration at low temperatures which yielded primarily Td1, including a discussion 

of counter-intuitive structural changes that occur in TH prior to the appearance of this dehydration 

product. Dehydration at higher temperatures and under temperature-ramping conditions which 

yielded mixtures of Td1 and Td2 are then discussed.  A summary of the times and/or temperatures 

at which each anhydrous product appeared under all thermal conditions is found in Table 3.2a 

and Table 3.2b.   

 
Table 3.2a. Summary of TH dehydration experiments under isothermal conditions.  
 

Isothermal 
Temperature 

Onset Td1 (min) Onset Td2 (min) Disappearance TH 
(min) 

22 °C 91.2/91.6* N/A Persistsa 
27 °C 66.8/66.8* N/A Persistsb 
27 °C 81.0/81.0* N/A Persistsc 

45 °C 6.8/6.8*  11.2 207.3 
50 °C 19.08/20.9* 2.5 111.9 
57 °C 17.6/17.6* 7.9 v. small persistsd 

*Indicates subtle contribution of minor dehydrated phase, Td* 
aTotal experimental time = 191.98 min 
bTotal experimental time = 503.98 min 
cTotal experimental time = 283.42min 
dTotal experimental time = 43.18 min 
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Table 3.2b. Summary of TH dehydration experiments under variable-temperature 
conditions.  
 

Heating Rate Onset Td1 (°C) Onset Td* (°C) Onset Td2 (°C) Disappearance 
Td1 (°C) 

1 °C/mina 36.4 36.8 43.0 171.8 

3 °C/mina 32.0 33.1 56.0 178.1 

5 °C/mina 65.2 65.2 67.0 189.9 

10 °C/mina 78.3 N/A 78.0 181.8 

3 °C/minb 23.2 27.3 55.0 persists 

10 °C/minb 76.6 N/A 55.9 persists 
aMaximum temperature = 222 °C 
bMaximum temperature = 100 °C 

 
 
 3.3.3.1 Structural changes in TH precede anhydrous product formation  

Sequential refinement of time-resolved sPXRD patterns obtained from isothermal 

dehydration at 22 - 27°C revealed that TH undergoes subtle but highly reproducible structural 

changes before the appearance of anhydrous product phases.  Representative data collected over a 

~ 15 minute time period nearly an hour after initiating a 27°C isothermal experiment are shown in 

Figure 3.6.  The plots, made from the refinement of 70 different sPXRD patterns, track the TH 

unit cell parameters at each time point in the reaction and the phase fraction of TH in the sample.  

The vertical dashed red line in each corresponds to the first sPXRD pattern showing weak 

diffraction intensity due to product phase. Many subtle changes in the TH unit cell prior are 

observed prior to the emergence of dehydrated phases, including a small decrease in its volume 

(0.26%).  The decrease in volume suggests the TH lattice can tolerate some limited amount of 

early water loss before collapsing to Td1.     

The a-axis and c-axis cell parameters which define the dense 2-dimensional layers of π-

stacked ribbons showed comparatively little change during this time interval.  Most surprising was 
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the fact that over several minutes the b-axis of TH undergoes an expansion before later contracting.  

This expansion was consistently observed in all replicate experiments performed at 22 and 27 °C.  

Anisotropic expansion has been observed in other hydrates, though typically in systems which can 

accommodate variable stoichiometries and under high humidity conditions where increases along 

a given axis are attributed to water uptake.56, 162-163 However, all sPXRD experiments performed 

here are under flowing He gas, an essentially 0% RH environment, where water uptake is not 

likely.  

Since even small amounts of water loss create void space in the interlayer region, one 

would more likely expect the interlayer separation to be reduced.  Though the initial expansion 

along the b-axis at 22-27°C seems almost counterintuitive, its reproducibility indicates it is critical 

to the formation of anhydrous product.  Notably, the anhydrous product appears only after the b-

axis of TH reaches it maximum value, at which point the phase fraction of TH in the sample drop 

precipitously.  A slight but steady change in the b-angle is also observed during this time interval.  

In what must be an effort to minimize the overall lattice energy, the combination of b-axis 

expansion and decrease in b-angle reflect a coordinated “morning stretch” type of lattice motion 

which presumably facilitates the translation and/or rotation of layers at the (010) interface.  

 



 
 

63 

 

Figure 3.6. Unit cell parameters of TH monitored as a function of time when dehydrated at 

27 °C by means of in-situ sPXRD. The small decrease in cell volume suggests that the TH lattice 

can tolerate some water loss prior to collapse.  The b-axis undergoes an expansion (blue arrow) 

before it contracts.  The same trends are observed in isothermal data sets collected at higher 

temperatures. 

 
Interestingly, isothermal experiments performed at higher temperatures (45, 50 and 57°C) 

do not show a b-axis expansion prior to product formation, though this may be in part due to 

thermal expansion effects. TH unit cell parameters determined from 27, 45, 50 and 57 °C data sets 

showed a comparatively larger increase in the a and c-axes at elevated temperatures relative to the 
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b-axis (Figure 3.7).  The increased cell volume at higher temperatures may obviate the need to 

expand along the b-axis in order to optimize the layer registry. 

 

Figure 3.7. Thermal expansion of TH determined via isothermal sPXRD. Thermal expansion 

of TH unit cell parameters at 27, 45, 50 and 57 compared to 22 °C. The values at each temperature 

are an average of at least 10 sPXRD patterns refined at each temperature. The inset graph plots the 

cell volume changes over the same temperature range. 

 
 3.3.3.2 Low-temperature isothermal dehydration to Td1  

Although the TH lattice is able to withstand some fractional water loss, at some point the 

TH lattice becomes sufficiently unstable and collapses in conversions to anhydrous forms.  At the 

lowest isothermal temperatures between 22-27 °C, TH transforms primarily to Td1.  As discussed, 

the onset occurs when the maximum b-axis length is reached, after which ~40% of TH converts to 

Td1 in a matter of only a few minutes.  After this initial rapid conversion, the rate at which TH 

subsequently converts to Td1 is much slower.  Even after nine hours of data collection, the reaction 

does not fully go to completion at 27 °C, as evidenced by the persistence of low intensity peaks 

corresponding to residual amounts of TH in the sPXRD patterns.  
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The structure of Td1 was determined through Rietveld refinement of sPXRD data using 

TOPAS-V6 in combination with computed structures generously shared by Dr. Doris Braun 

(Figure 3.8).  Td1 was confirmed to have the same anhydrous structure as what she referred to as 

“AH D” in reference 84.   

 

Figure 3.8. Rietveld refinement of Td1 at 27 °C. Observed intensity information is shown in 

black, modeled intensity is shown in red, and the difference pattern is shown in grey. Td1 

reflections are shown in blue tic marks with TH reflections shown in red tic marks.  The unassigned 

peak at ~Q = 0.49 Å-1 is associated with Td*.  The structure refined to an Rwp of 15.39% and a 

goodness of fit (GOF) = 6.42 with unit cell parameters a = 4.5435(11) Å, b = 23.247(5) Å, c = 

5.4139(11) Å, beta = 93.88(2)°, and vol = 570.5(2) Å3. 
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Comparison of TH and Td1 structures determined from 27°C (300 K) sPXRD patterns 

shows that the two structures are topologically similar despite an 11.6% reduction in the unit cell 

volume (Table 3.3, Figure 3.9).  This suggests a high level of concerted molecular motion in the 

TH to Td1 transformation and a continuation of the early structural changes seen in TH. The 

packing within the dense 2-dimensional layers in the ac plane of TH and Td1 are identical, with 

only minor changes seen in the repeat distance along each hydrogen bonded ribbon (1.5% lower 

in Td1) and the separation between the π-systems of adjacent ribbons (0.6% lower in Td1).  The 

most significant dimensional change in going from TH to Td1 is in the b-axis which decreases by 

16.5% (from 27.86 Å to 23.25 Å).  Since water loss from TH along the c-axis channels necessarily 

creates void space between adjacent layers, a decrease in the (010) layer separation was not 

unexpected.  Some of the layer compression can also be attributed to a significant increase in the 

tilt angle between the hydrogen bonded ribbons and the b-axis (from 12.00 in TH to 24.69° in Td1).  

Presumably this enables a denser packing of layers, as evidenced by the closer methyl…methyl 

contacts across the layer interface in Td1 compared to TH.  That the (010) layers would initially 

increase their separation in order to ultimately access this more compact anhydrous phase 

illustrates that the cooperative trajectories for solid state reactions are both subtler and more 

complex than previously thought.  The early “morning stretch motions” observed in TH prior to 

the formation of Td1 can be viewed as a critical precursor which allows methyl groups in adjacent 

layers to slide past one another in order to ultimately access a denser phase.          

  



 
 

67 

 
Table 3.3. Crystallographic information for TH, Td1, and Td2 determined from refinement 
of sPXRD Data. The .res file information for each refined structure can be found in Appendix C.   
 
Crystallographic 

Info. 
TH 

(THYMMH) TH Td1 Td2 

Formula C5H6N2O2 ∙	 
0.80 H2O 

C5H6N2O2 ∙ 
0.80 H2O 

C5H6N2O2  C5H6N2O2  

Temperature RT 27 °C 27 °C 22 °C 
Space Group P21/c P21/c P21/n C2 

a (Å) 6.077 6.0841(3) 4.5436(11) 6.7729(7) 
b (Å) 27.862 27.8635(15) 23.247(5) 6.8409(8) 
c (Å) 3.816 3.81653(13) 5.4139(11) 12.843(2) 
𝜷 (°)  94.32 94.349(4) 93.88(2) 104.958(11) 

vol (Å3) 644.279 645.13(5) 570.5(2) 574.90(13) 
Characterization XRD sPXRD sPXRD sPXRD 

 
  

 

Figure 3.9. Structural comparison of TH and Td1. Side by side comparison of TH and Td1 

structures viewed along [10-1] and [-101] directions illustrate the similarities and differences in 

the two lattices.  Blue dashed lines illustrate H-bonding within the ribbons.  Red dashed lines 

indicate the closest C…C distances between methyl groups which are 4.27 and 7.31 Å in TH and 

4.12 and 4.32 Å in Td1.   For clarity purposes, only a small number of hydrogen bonds and 

interlayer contacts are shown. 
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 3.3.3.3 Dehydration to mixtures of Td1 and Td2 

Isothermal heating of TH at 45, 50 and 57°C yielded mixtures of Td1 and a second major 

anhydrous phase, Td2.  The phase fraction of each component throughout the reaction progress 

was determined from multiphase refinement of hundreds of sPXRD patterns.  Plots of the changing 

phase composition over time illustrate several key points (Figure 3.10).  First, the rate at which 

anhydrous products are formed increases at higher temperatures.  Second, the Td1 formation rate 

is faster than that of Td2.   Third, increases in the temperature yielded a higher fraction of Td2 in 

the final dehydration product.  For example, dehydration at 45°C and 57°C yielded final Td1:Td2 

product ratios of ~ 3.8:1 and 2.5:1, respectively. 

 

 

Figure 3.10. Phase fraction of TH, Td1, and Td2 as a function of time during the isothermal 

dehydration of TH. Changing phase compositions determined from multiphase refinement of 

sPXRD collected under isothermal dehydration of TH at 27, 45 and 57 °C.  Dehydration at 27 °C 

yields only Td1 while at higher temperatures result in two major anhydrous phases, Td1 and Td2.  

The phase fraction of Td2 is higher at 57 than at 45 °C 

 
The increased fraction of Td2 generated from dehydration at higher isothermal 

temperatures suggested two possible interpretations which are not mutually exclusive.  Assuming 
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TH can convert to both of the major dehydration products directly, if the activation energy (Ea) for 

the TH to Td2 reaction is higher than the Ea for the TH to Td1 reaction, elevated temperatures 

should show a relative rate enhancement favoring Td2 thereby increasing its fraction in the product 

mixture.  Isothermal experiments showed that Td1 was the only major dehydration product when 

TH was heated at 22-27 °C, and the first major product to appear when TH was heated at 45 °C.  

In isothermal experiments performed at 50 or 57 °C, Td2 appeared prior to Td1.  This confirms a 

direct pathway from TH to both products and is consistent with a lower Ea for the conversion of 

TH to Td1.   

Alternatively, if Td1 undergoes a polymorphic transformation to Td2, one would expect a 

larger fraction of Td2 to be present at temperatures above the phase transition temperature.  

Temperature ramping experiments performed to a maximum temperature of 222 °C confirmed a 

Td1 to Td2 polymorph conversion does occur.  Across all temperature ramping experiments, ~ 43 

°C was the lowest temperature where Td2 was observed.  This is consistent with its absence in 

isothermal experiments at 27 °C but appearance at 45 °C.  By 100 °C, all ramping experiments 

resulted in the complete conversion of TH to mixtures of Td1 and Td2 phases.  Above temperatures 

~ 172-190 °C (depending on the heating rate) diffraction peaks correspond to Td2.  In some 

experiments, low-intensity diffraction lines indicated the presence of small amounts of sublimed 

thymine (Tsub, THYMIN02) in the sample.  The contour plot in Figure 3.11 generated from data 

collected at a heating rate of 3 °C/min illustrates the initial formation of Td1 and its later 

disappearance at higher temperatures.   
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Figure 3.11. Contour plot of in-situ TH dehydration. Contour plot constructed from 50 sPXRD 

patterns collected during TH dehydration when heated from 22 – 220 °C at 3 °C/min.  Diffraction 

lines corresponding to Td1 and Td2 first appear at 32.0 °C and 56.0 °C, respectively.  By 178.1 °C, 

all Td1 has undergone a phase transformation to Td2. 

 
In several in-situ dehydration experiments, two additional weak diffraction peaks at Q = 

0.49 and Q = 0.99 Å-1 were observed in the sPXRD which are not ascribable to TH, Td1 or Td2 

(Figure 3.12).  This evidence suggests the presence of minor amounts of a third phase in the 

mixture, which we refer to as Td*.  Since structure solution is not possible on the basis of only two 

diffraction lines, the structure of Td* remains elusive.  When Td* was observed, its onset 

temperature was typically similar to but not exactly the same as that of Td1.  In no experiment did 

the weak diffraction associated with Td* persist beyond the time when Td2 appeared, suggesting 

that this short-lived transient phase also transforms to Td2.  This is the first experimental evidence 

for a third form of thymine formed via dehydration.  
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Figure 3.12. Experimental evidence for Td*.  Td* peaks at Q = 0.49 and Q = 0.99 Å-1. Pattern 

A: TH dehydrated at 22 °C for 3.2 h results in TH, Td1, and Td*. Pattern B: Heated sample from 

Pattern A to 100 °C at 10 °C/min results in Td1 and Td2, demonstrating conversion of Td* to Td2. 

 
 3.3.3.4 Structure solution of Td2  

The structure of Td2 was determined from sPXRD data generated from heating TH at 10 

°C/min to 100 °C to yield a mixture of Td1 and Td2.  Subsequent cooling to room temperature and 

exposure to RH ~ 70% yielded a final powder pattern that was majority Td2 with some minor TH 

impurity.  We cannot discount the possibility of a simultaneous transformation from Td1 to Td2 

under high RH conditions, as the Td1 structure has been shown to be metastable relative to other 

anhydrous forms in humid environments.8   The sPXRD data indexed to a C2 cell and was subjected 

to Pawley refinement, with simulated annealing used for structure solution.  The final refinement 

yielded a structure with unit cell parameters a = 6.7729(7) Å, b = 6.8409(8) Å, c = 12.843(2) Å, ß 

=104.958(11)°, and Vol = 574.90(13) Å3 and a Rwp = 13.38 % and GOF = 5.46.  The Rietveld plot 
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is shown in Figure 3.13.  Notably, this is a different lattice than the second major form generated 

via TH dehydration as previously reported by Braun, however, the conditions and experimental 

methods used in the previous and current studies were not identical.   

 

Figure 3.13. Rietveld plot for the solved structure of Td2. Observed intensity information is 

shown in black, modeled intensity is shown in red, and the difference pattern is shown in grey.  

Reflections are shown in blue tic marks.  

 
One of the challenging aspects of modeling sPXRD data for this product stems from the 

fact that many experimental and computed anhydrous thymine polymorphs are polytypes (Figure 

3.14).164 Molecules can assemble into one of two different ribbon motifs (polar or non-polar) and 

the orientation of ribbons within and between the 2-dimensional layers can also vary (parallel or 

antiparallel).  Ribbons in TH, Td1 and Tsub are non-polar, whereas in Td2 and anhydrous thymine 
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grown from non-aqueous solution (Tsol, THYMIN01) have identical polar motifs.  Although Td2 

and Tsol have identical ribbon structures, all ribbons in Td2 align in parallel whereas in Tsol the 

adjacent ribbons within a layer are antiparallel to achieve centrosymmetry.  With similar cell 

dimensions, the PXRD patterns of these polytypes share many of the same high intensity 

diffraction lines (Figure 3.15). 

 

 

Figure 3.14. Polytypism in the solid form landscape of thymine. Packing diagram of Td2, Tsol 

(THYMIN01) and Tsub (THYMIN02) viewed down the ribbon direction.  The ribbon structure in 

Tsub is non-polar (black oval) and in Td2 and Tsol the ribbons are polar (red oval).  Adjacent ribbons 

have orientations in Tsub and Tsol which alternate by 180° (solid vs dashed ovals) whereas all 

ribbons in Td2 have the same orientation 
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Figure 3.15. PXRD patterns of relevant crystallographic phases of thymine. Simulated PXRD 

patterns from single-crystal structures of TH, Tsol, and Tsub compared to experimental sPXRD 

patterns of Td2 and Td1.  The similarity in the positions of the major diffraction lines in Td2, Tsol, 

and Tsub reflect the similarity in the distances between ribbons. 

 
To confirm C2 was in fact the best fit and rule out other possibilities, we also refined the 

sPXRD data against Tsol, Tsub and other models generated by previous crystal structure prediction 

methods. The diffraction pattern associated with each candidate structure is shown in Figure 3.16. 

The starting unit cell parameters and refined parameters for each of the candidates for Td2 are 

shown in Table 3.4.  With fixed atomic positions and fixed starting unit cell parameters, none of 

the additional candidates afforded better fits than the experimentally refined C2 structure. Once 

unit cell parameters are allowed to refine, however, fits using each candidate improved. The two 
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refined polar structures, 544 and the refined C2 structure, provided the best fits to the data. The 

unit cell parameters of 544 are approximately the same as the C2 structure.  Attempts were made 

to refine the isotropic displacement parameters for carbon, nitrogen, and oxygen atoms (each 

parameterized to the same, unique value) which made the computed 544 structure more stable than 

that using the C2 structure. Isotropic displacement parameters refined to reasonable, non-zero 

numbers.   
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Figure 3.16. Experimental diffraction pattern of Td2 compared to relevant computational 

and experimental forms of thymine. Simulated powder patterns of the refined C2 structure, Tsub, 

Tsol, and three low-energy computational structures by Braun et al. including 544, 14_260, 

computed using CrystalOptimizer calculations with MP2/6-31G(d,p) level, and a CASTEP-

optimized version of 14_260 (14_260_Optimized).  Each of these structures were considered as 

potential candidates as models for the experimentally observed Td2 pattern (grey). 

 

0.6 0.8 1.0 1.2 1.4 1.6 1.8

No
rm

al
iz

ed
 In

te
ns

ity
 (A

rb
.)

Q (Å-1) 

0.6 0.8 1.0 1.2 1.4 1.6 1.8

No
rm

al
iz

ed
 In

te
ns

ity
 (A

rb
.)

Q (Å-1) 

0.6 0.8 1.0 1.2 1.4 1.6 1.8

No
rm

al
iz

ed
 In

te
ns

ity
 (A

rb
.)

Q (Å-1) 

- - - Refined C2 structure (this work)
- - - Td2, Experimental

- - - Tsol

- - - Tsub

- - - Braun, 544 (Polar)
- - - Braun, 14_      260
- - - Braun, 14_260 Optimized



 
 

77 

Table 3.4. Rietveld refinement results upon fitting various known and computational 

structural models to the experimental diffraction data for Td2.  Initial refinements involved 

fixed atomic positions and fixed unit cell parameters. Secondary refinement cycles involved fixed 

atomic positions and freely refined unit cell parameters. Additional refinement cycles were 

attempted in which isotropic displacement parameters for carbon, nitrogen, and oxygen were 

allowed to refine. Only specific structural models led to stable refinements (non-negative values) 

of these parameters. 

 

 
After completing multiple refinement cycles in TOPAS-V6, the C2 structure (which 

corresponds to computed structure #544 in ref 84) remained the best fit to the data. It should be 

mentioned that in the experimental pattern, there are small features with intensity at Q = 0.92 and 

Method 1: Fixed atomic sites, fixed unit cell

Solved structure THYMIN01 THYMIN02
Braun et al., 

544
Braun et al., 

14_260
Braun et al., 

14_260 Optimized

Space group C2 P21/c C2/c C2 P2/c P2/c
Rwp 13.3790 23.7354 45.2952 58.4811 58.1647 24.7918
GOF 5.4407 9.6400 18.3963 23.7517 23.6232 10.0690
a (Å) 6.7729(6) 12.8890 25.1070 7.0215 13.2481 12.8955
b (Å) 6.8409(8) 6.8520 6.8462 6.9012 6.9220 6.8299
c (Å) 12.8433(11) 6.7840 6.7150 12.2884 6.5986 6.7421

beta (ᵒ) 104.958(11) 104.9200 90.5290 102.1791 74.6559 104.9840
vol (Å3) 574.10(10) 578.9329 1154.1757 582.0543 583.5439 573.6196

Method 2: Fixed atomic sites, refined unit cell

Solved structure THYMIN01 THYMIN02
Braun et al., 

544
Braun et al., 

14_260
Braun et al., 

14_260 Optimized

Space group C2 P21/c C2/c C2 P2/c P2/c
Rwp 13.3790 15.4510 13.5727 13.0958 15.2011 16.7694
GOF 5.4407 6.2816 5.5179 5.3241 6.1800 6.8192
a (Å) 6.7729(6) 12.8450(14) 24.816(2) 6.7737(6) 12.8440(13) 12.8796(16)
b (Å) 6.8409(8) 6.8412(8) 6.8413(7) 6.8419(7) 6.8407(8) 6.8418(9)
c (Å) 12.8433(11) 6.7725(6) 6.7721(6) 12.8424(10) 6.7734(7) 6.7734(8)

beta (ᵒ) 104.958(11) 104.98(12) 89.696(12) 104.946(10) 75.032(12) 105.552(15)
vol (Å3) 574.10(10) 574.89(11) 1149.71(18) 575.05(9) 574.93(12) 575.00(13)

a Rietveld refinement applied directly following structure solution 
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1.05 Å-1 that are not fit by the polar, C2 structural model.  The P2/c structural model based on the 

CASTEP-optimized 14_260_Optimized structure does predict reflection intensity at these 

positions, though the intensity ratios of these peaks are inconsistent with the Td2 experimental 

patterns. Figure 3.17 includes a comparison of Rietveld plots for these two fits. Braun et al. argued 

that the structure is disordered 14_260 (diffuse scattering at these peak positions) which would 

cause the intensities of these features to be off.  The authors discussed the nature of this disorder 

and believed it is likely due to the occasional breaking of the translational symmetry of the 

hydrogen-bonded thymine ribbons described in Figure 3.14. Although we consider the polar, C2 

structure the main crystalline domain of our experimental powder pattern, we cannot discount the 

possibility that Td2 may contain some unresolved disorder or phase impurity of the 

14_260_Optimized structure.  Phase purity cannot be established on the basis of thermal analysis, 

since anhydrous thymine decomposition occurs prior to or simultaneously with melting. Based on 

the previous CSP results, Td2 generated under these high temperature conditions is at least 6 kJ/mol 

higher than the global minimum (for reference, Tsub and Tsol are both within 1 kJ/mol above the 

minimum). 
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Figure 3.17. Rietveld plots for experimental Td2 using computational forms 544 or 

14_260_Optmized as the starting structural models. The peaks at Q = 0.92 and 1.05 Å-1 are not 

fit by the refined structural model of 544 (A, inset). In the case of using the refined model of 

14_260_Optimized, reflections are predicted at these positions (B, inset), however, intensity ratios 

displayed by the model (red) are never observed experimentally. 
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 3.4 Conclusion 

The mechanisms and cooperative lattice motions that dictate the pathway for water loss (or 

uptake) from molecular crystals have been difficult to establish owing to the lack of methods which 

enable the temporal collection of high-resolution data.  The results reported herein serve as proof-

of-concept that progress in time-resolved sPXRD techniques has sufficiently advanced to enable 

new insights into solid state reactions in this class of materials.  Despite having a seemingly simple 

layer structure, early dehydration of TH at low temperature involves an almost counterintuitive 

cooperative “morning stretch” motion, a motion that helps to establish the most efficient low 

energy trajectory and leads directly to the first major product, Td1.  The closest analogy to these 

subtle structural changes may be the “breathing” motions reported in soft metal-organic framework 

materials (MOFs) upon adsorption/desorption of water and other guest molecules.165-168  However, 

the relative strength of the metal-organic units in a MOF which provide a robust but flexible porous 

lattice network and the interactions which determine the integrity and dimensions of water 

channels in organic molecular materials are quite different.  In the case of TH, the time-resolved 

lattice changes reflect the most efficient means to respond to the changing energetic requirements 

at the interface between two-dimensional layers as initial water is lost.  Only at the point at which 

no further adjustments can reasonably sustain the integrity of the TH lattice does the fast 

transformation to a new Td1 lattice occur.   

 At higher temperatures or with faster heating rates, a second major dehydration product 

emerges, Td2, from two different solid state precursor phases.  Although the dissimilarity in the 

precursor and product structures does not lend itself to an analysis of cooperative molecular 

motions, sPXRD does provide a unique view of the reaction complexity (which was in no way 

apparent in microscopy or DSC/TGA studies).  Compositional changes in the sample with time 
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allows for insights into the relative kinetics and activation energies of the Td2 vs Td1 formation 

pathways to emerge.  We do not yet have a sense for how ubiquitous this particular cooperative 

stretch type motion is in other dehydrating hydrates beyond TH, though it seems likely to be 

generalizable.  Future studies on other crystalline hydrates with similar and/or different lattice 

topologies will attempt to address this point. 
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 CHAPTER 4. CONFINED WATER DYNAMICS IN NUCELOBASE HYDRATES 

INVESTIGATED USING QUASI-ELASTIC NEUTRON SCATTERING 

 4.1 Introduction 

As discussed throughout Chapter 1, the structural features inherent to a crystalline solid 

bear directly upon its properties. This is especially true for molecular hydrates, whose thermal 

stability and tendency to dehydrate depends on its structure. Hydrates are typically characterized 

in terms of their topology (channel, isolated and ion-assisted hydrates) or chemical composition 

(stoichiometric or nonstoichiometric) rather than on the basis of their thermal stability, or 

propensity for water loss. 169-171   The stability of molecular hydrates varies widely, with some 

materials remaining stable indefinitely, while others dehydrate to neat forms either spontaneously 

or in response to modest changes in temperature. Predicting the conditions under which a given 

hydrate is thermally stable remains a significant challenge. We assert that the inherent dynamics 

of water molecules within the hydrate lattice is an important factor shaping the behavior of these 

materials. 

The advantages and the theory of neutron scattering techniques in studying the local, 

atomic-scale structure and dynamics of materials were outlined in Section 1.5.2 and Section 2.6. 

Importantly, hydrogen possesses a large incoherent scattering cross section relative to other nuclei, 

making neutron scattering techniques especially sensitive to the dynamical behavior of hydrogen 

atoms within a material.107-110 Quasi-elastic neutron scattering (QENS) provides direct information 

about the diffusive relaxation times of water molecules on time scales ranging from a few 

picoseconds to a few nanoseconds.107 Although neutron scattering techniques are well-suited to 

the study of water dynamics, they have yet to be widely employed in the study of molecular 

hydrates. In this Chapter, we present a quasi-elastic neutron scattering study of two nucleobase 
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hydrate systems with well-defined thermal stabilities, namely, thymine hydrate (TH, 

C5H6N2O2∙0.83(H2O))80, 84, 126, 154 and cytosine monohydrate (CM, C4H5N3O∙H2O)7, 33, 47, 49  

(Figure 4.1).  

 

 

Figure 4.1 Analogous views of the TH and CM structures. (A) Molecular structure of thymine 

and two views of TH down the c-axis and a-axis, respectively and (B) Molecular structure of 

cytosine and two views of CM down the c-axis and a-axis respectively. Water space was calculated 

using the Hydrate Analyzer tool in Mercury using a probe radius 1.0 Å. 

 
  Using the High Flux Backscattering Spectrometer (HFBS)134 and Disc Chopper 

Spectrometer (DCS)135 at the NIST Center for Neutron Research, QENS experiments indicated 

that the lattice water dynamics in TH and CM operate on different timescales when probed under 

the same conditions. We were also able to identify correlated lattice-water motions with in-situ 

dehydration studies. The mobility of lattice water molecules should be considered an important 

factor in determining the thermal stability of hydrated phases.  



 
 

84 

Through this work we establish the feasibility of QENS methods for studying water 

dynamics in molecular hydrate systems. This experimental benchmark and the practical challenges 

presented herein may help guide future studies on other hydrate systems. We discuss efforts to 

directly measure water dynamics in TH and CM using the HFBS. Finally, we discuss in-situ 

dehydration data collected using the DCS and highlight the usefulness of coupling information 

from multiple QENS instruments with different experimental time windows.  

 
 4.2 Experimental details 

 4.2.1 Sample preparation and characterization 

Materials and crystal growth methods used in the preparation of TH are noted in Section 

2.1.1. Single-crystal x-ray diffraction data were collected on TH-H2O and TH-D2O samples as 

described in Section 2.3.1 with refinement details included in Section 2.3.1.1 Cytosine 

monohydrate (CM) crystals were prepared by slow evaporation of saturated aqueous cytosine 

solutions (4 mg/mL).  The supersaturated solutions were added to Pyrex® Petri Culture Dishes 

(100 x 10 mm) and maintained at 25 ± 1 °C.  CM crystals typically appeared after ~ 24 h as 

rectangular plates with large (100) faces and smaller (010) and (101) side faces. Bulk TH and CM 

samples were characterized using PXRD (Section 2.3.2) and DSC (Section 2.2.1), respectively.  

 
 4.2.2 Neutron scattering experiments 

The experimental details associated with the neutron scattering work presented herein can 

be found in Section 2.6.2 along with a description of the model used for analyzing the observed 

S(Q, E).    
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 4.3 Results 

 4.3.1 Nucleobase hydrates 

Crystal growth solutions yielded TH-H2O and TH-D2O crystals with well-defined, plate-

like morphologies. The representative powder patterns in Figure 4.2a confirm the growth 

conditions used result in isomorphous phases and high phase purity. The thermal stability and 

dehydration behaviors of TH have been well characterized.80, 84, 126, 154 When heated at 5.0 °C/min 

in hermetically sealed pans  using DSC, TH dehydrates with a maximum Tmax = 54.4(7) °C (Figure 

4.2b).154 

Crystal growth solutions yielded CM crystals with large, plate morphologies. A 

representative powder pattern is shown in Figure 4.2c which confirms the growth conditions used 

result in phase pure material. The dehydration temperature, Tmax of CM was determined to be 96.8 

± 1.7 °C (95% CI) when heated at 5 °C/min in hermetically sealed pans (Figure 4.2d). It should 

be noted, however, that the Tmax is dependent on these precise experimental parameters. For 

instance, CM was reported to have a lower dehydration temperature when heated in open DSC 

pans at lower ramping rates.41  

Figure 4.1 illustrates the structures of TH and CM. The structure of TH was discussed in 

Chapter 3, however a few important structural features are restated here. TH crystallizes as an 

~80% occupied channel hydrate with confined water molecules that organize in 1-dimensional 

(1D) chains along the ± c-axis. Each water molecule forms a donor-donor-acceptor motif55 with 

two neighboring water molecules and a molecule of thymine. The structure of CM has been 

described in various ways as both a channel hydrate and an isolated site hydrate.41, 58, 80 To the 

extent that 1D channels exist in CM, they are quite different than those in TH. Lattice water 

molecules in CM form a donor-donor-acceptor motif, but the water molecules in CM are far apart 
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to hydrogen bond to one another (Ow…Ow = 3.93 Å). Cytosine molecules partially fill the void 

space between water molecules, effectively tapering the water “channel” to a narrow, but non-zero 

cross-section. Differences in the water environment in TH and CM are related to drastic differences 

in their thermal stability. Where TH undergoes complete dehydration with mild heating (Tmax ~ 54 

°C), CM requires higher temperatures (Tmax ~ 98 °C) to achieve 100% conversion. We aimed to 

understand this striking difference in thermal stability for these two nucleobase hydrates by 

directly probing the lattice water dynamics in the two samples.  
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Figure 4.2. Characterization of bulk TH and CM samples using PXRD and DSC. (A) PXRD 

patterns of bulk experimental TH-D2O (green), TH-H2O (blue), and simulated TH from the 

reference structure, THYMMH (black). (B) DSC thermogram of unground TH heated at 5 °C/min 

in a hermetically sealed DSC pan. (C) PXRD patterns of bulk experimental CM (blue) and 

simulated CM from the reference structure, CYTOSM02 (black). (D) DSC thermogram of 

unground CM heated at 5 °C/min in a hermetically sealed DSC pan.  

 
 4.3.2 Fixed window scans of TH and CM 

HFBS fixed window scan (FWS) experiments allowed us to measure the fraction of non-

diffusive atoms with relaxation times longer than a few nanoseconds as a function of temperature 

in each material. Any loss in the elastic intensity during these experiments was assumed to be due 
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to diffusive motions. FWS measurements can be useful in identifying the temperature ranges 

where dynamic motions occur in the sample at rates that fall within the experimental time window.     

Elastic intensity was monitored as a function of temperature by heating a sample of TH at 

0.8 K/min (Figure 4.3a). The change in elastic intensity observed below -75 °C suggests a change 

in the dynamics of the system. We assumed that dynamics between -75 and 175 °C were likely 

associated with thymine methyl group rotations. Another dynamic event was observed at ~55 °C, 

where the lattice water molecules effectively dehydrate. Temperatures between these two ranges 

were deemed the most likely to inform on water dynamics in the TH system.  

In CM, the elastic intensity was similarly monitored as a function of temperature on heating 

at 0.8 K/min (Figure 4.3b). An abrupt drop in the intensity was observed above 0 °C which is 

likely associated with surface H2O (or D2O). We suggest this may have been due to residual solvent 

from rinsing cycles during sample preparation. We attempted this experiment three times, but in 

each case we observed bulk water melting (though the temperature at which it occurred varied). 

An additional change in elastic intensity was observed between ~80 °C and ~98 °C in the FWS in 

Figure 4.3b. It is likely that dehydration of CM was initiated and/or completed at these upper 

boundary temperatures. QENS experiments were performed between these two events indicated 

by the shaded region in Figure 4.3b.  
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Figure 4.3. Fixed window scans for TH-H2O and CM. Total elastic scattering as a function of 

temperature (heating 0.8 K/min) for (A) TH and (B) CM. We measured the dynamic structure 

factor in QENS experiments at the temperatures indicated in the shaded regions.  

 
 4.3.3 QENS with the HFBS 

Although diffusive motions were observed in the FWS experiments for both TH and CM, 

this did not guarantee measurable quasi-elastic broadening signals would fall within the 

experimental time window of the HFBS instrument (1 < Γ < 10 µeV, 1.3 > 𝜏 > 0.132 ns). Unlike 

the FWS experiments, quasi-elastic experiments conducted using the HFBS involve changes in 

doppler frequency (+/- 11 or 15 𝜇eV) at a fixed temperature. The dynamic doppler drive creates a 

spread of incident neutron energies. These QENS experiments were used to observe elastic line 

broadening due to dynamic motions in the molecular hydrate samples. Measurements were 

collected at several temperatures from -73 to 77 °C, depending on the hydrate system. QENS data 

for both TH and CM contained coherent Bragg reflections that contribute to the measured 

scattering signal. As a result of this strong contribution of elastic scattering and the confined nature 
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of the water molecules, energetic deviations from the elastic scattering in the form of QENS if 

present, were subtle. Quasi-elastic scattering curves for TH were collected at the temperatures 

including -73, -53, -33, -13, 7, 27 and 37 °C. Representative data are shown in Figure 4.4. Subtle 

broadening of the elastic line is observed at 27 °C and at 7 °C (Figure 4.4, inset) which we argue 

are associated with lattice water dynamics. When monitored at temperatures above or below this 

range, the quasi-elastic signals were outside of the HFBS experimental time window. When this 

occurs, the total scattering curves overlap with the elastic line. An example of this scattering 

behavior is shown in the inset of Figure 4.4 when the dynamic structure factor was measured at -

33 °C. While lattice water dynamics were too slow to be observed at low temperatures, they were 

correspondingly too fast at temperatures above 27 °C.  

Higher experimental temperatures are typically required to dehydrate CM relative to TH. 

Therefore, QENS experiments on CM could be conducted at higher temperatures (between 27-77 

°C). However, the dynamics monitored in this temperature range were outside of the experimental 

time window afforded by HFBS causing scattering curves which overlapped with the elastic line.  
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Figure 4.4. S(Q, E) of TH when monitored using the HFBS. S(Q,E) of thymine hydrate at 27 

°C (blue). (Inset) S(Q,E) for TH at 27 °C (blue),  7 °C (orange), and -33 ° C (grey). Model fits, 

described in the text, appear as solid lines.   

 
 4.3.4 QENS with the DCS 

QENS experiments were also performed using the disc-chopper spectrometer (DCS) 

instrument at NCNR. These experiments provided insights into dynamics occurring over a shorter 

experimental time window than those captured using the HFBS. QENS measurements were 

performed on both TH-H2O and TH-D2O samples. Samples were maintained under isothermal 

heating conditions. The sample cans were not sealed, and the steady pull of vacuum prevented 

bulk water interference in the event of dehydration. Representative scattering curves over a 

dynamic energy range of  ± 1.5 meV for TH-H2O are shown in Figure 4.5a. This experimental 
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energy window corresponds to relaxation times on the order of a ps. A slight time-dependent quasi-

elastic broadening signal was observed during the 2 h QENS experiment. Time-dependent 

broadening data are plotted as a function of Q (Å-1) relative to the TH-D2O sample which was 

assessed under the same conditions in Figure 4.5b, top. In initial 27 °C measurements for TH-

H2O and TH-D2O samples (0.5 h and 1.0 h, respectively) broadening signals of ~0.3 meV 

(FWHM) were observed in both samples. After 2 h at 27 °C, the broadening signals of the same 

TH-H2O a increased to ~0.5 meV respectively. Dynamics of fresh, TH-H2O and TH-D2O samples 

were also assessed at 37 °C. The quantitative FWHM values are plotted as function of Q (Å-1) in 

Figure 4.5b, bottom. Exposure to 37 °C isothermal heating for 1.0 h resulted in quasi-elastic 

broadening of ~0.5 and ~0.4 meV for TH-H2O and TH-D2O samples, respectively. Though the 

diffusive motions were dependent on both time and temperature, there was not an observable Q-

dependence in any of the experiments.  
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Figure 4.5. S(Q, E) of TH monitored using the DCS. The dynamic structure factor S(Q,E) of 

TH-H2O maintained at 27 °C for 0.5 h (blue), 1.0 h (purple), and 2.0 h (green). Model fits, 

described in the text, appear as solid lines. (B) The intrinsic width of the quasi-elastic signal 

observed on the DCS as a function of Q. (Top) TH-H2O maintained at 27 °C for 0.5 h (blue) and 

1.0 h (green) and TH-D2O maintained at 27 C for 1.0 h (black). (Bottom) TH-H2O (red) and TH-

D2O (black) maintained at 37 °C for 1.0 h. The dashed lines indicate the weighted average of the 

widths over all Q.  

 
 4.4 Discussion 

 4.4.1 Temperature-dependent changes in elastic intensity in TH and CM 

The FWS data inform on at least three different types of diffusive events occurring in the TH 

lattice. The dynamics at the lowest temperatures between 175 and -75 °C were most likely due to 

the thymine-C5’ methyl rotations. In previous work, Tsapatsaris et al. and Bordallo et al. 

investigated methyl dynamics in paracetamol and phenacetin using neutron spectroscopy.143-144 

Each reported methyl-group rotations occur with characteristic timescales faster than 10-40 ps 
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around room temperature. It was reasonable to assume that the contribution of the CH3 rotations 

to the quasi-elastic broadening signals measured with the HFBS at around room temperature would 

be negligible and broadening would likely be due to water dynamics in each sample. At high 

temperatures, the dramatic loss of elastic intensity observed at ~55 °C in the FWS of TH was 

associated with TH dehydration. This provided a practical temperature limit for investigating 

dynamics associated with lattice water molecules in TH.  

In the FWS of CM, we observed a sharp decrease at temperatures consistent with melting of 

H2O/D2O. Although efforts were made to thoroughly dry CM crystals prior to FWS experiments, 

we consistently observed at least a small loss of elastic intensity within this temperature range. 

This highlights a practical challenge in working with molecular hydrates, particularly those which 

may be especially hygroscopic.50 Care must be taken to thoroughly dry hydrated samples prior to 

neutron experiments, while simultaneously avoiding preliminary dehydration. At higher 

temperatures, evidence for CM dehydration was apparent at ~80 °C and complete at ~98 °C, 

providing a practical temperature limit for measuring quasi-elastic signals associated with lattice 

water molecules intrinsic to the system. Despite the difficulty in removing all small amounts of 

bulk water in CM, this should not prohibit the interpretation of the lattice water dynamics. Below 

the melting point, the bulk liquid water contributes only elastic scattering to the total observed 

signal.  Above the melting point, the heavy water is expected to exhibit quasi-elastic broadening 

on the order of a meV.  This means that the time-scale of any liquid water molecules are too fast 

to be observed with the HFBS experimental time window. Therefore, in the absence of any other 

rotatable groups, the observed QENS broadening are likely derived from crystalline water.  
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4.4.2 Directly probing water dynamics with the HFBS   

An analytical model comprised of three components – a linear background, a delta 

function, and a Lorentzian function – was developed to treat QENS data as shown in Figure 4.4 

and Figure 4.5. The elastic intensity was modeled as a delta function convoluted with the 

instrument resolution. A single Lorentzian function was used to model quasi-elastic broadening 

about the elastic line. The width of the Lorentzian component, Γ, was used to determine the 

relaxation time of the diffusive hydrogen atoms,	𝜏. Quantifiable water dynamics were observed in 

TH maintained at 7 and 27 °C. Lorentzian (FWHM) values between 2 – 2.5 𝜇eV were observed 

under these conditions. The broadening signal corresponds to characteristic relaxation times 

between roughly 0.66 – 0.53 ns. Outside of this temperature range dynamics were outside of the 

HFBS experimental time window. Quantitative descriptions of water dynamics captured with the 

HFBS are shown in Table 4.1.  While no quasi-elastic broadening was observed within the 

experimental time window at 37 °C, a significant loss in elastic intensity was observed during the 

course of this experiment. We surmise that the sample began dehydrating at this temperature. 

Although the dynamics associated with dehydrating waters were faster than the experimental time 

window, this observation is evidence that the lattice water molecules experience quantitative 

changes in dynamics upon dehydration even at mild isothermal temperatures.  
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Table 4.1. QENS signals for TH and CM monitored using the HFBS. Quasi-elastic broadening, 

Γ is reported in the form of FWHM. Any experiment that resulted in motions slower than the 

experimental time window are indicated as < 1 𝜇eV and > 1.3 ns. Any experiment that resulted in 

motions faster than the experimental time window are indicated as >10 𝜇eV and <0.132 ns. N/A 

indicates that QENS data were not collected at the designated temperature.  

 
Pure TH 

T, °C -73 -53 -33 -13 7 27 37 47 67 77 

Γ, 𝜇eV < 1 < 1 < 1 < 1 2.29(9) 2.38(12) 
2.11(9) > 10 N/A N/A N/A 

𝜏, ns > 1.3 > 1.3 > 1.3 > 1.3 0.57(2) 0.55(3) 
0.62(3) < 0.132 N/A N/A N/A 

CM 
T, °C -73 -53 -33 -13 7 27 37 47 67 77 
Γ, 𝜇eV N/A N/A N/A N/A N/A --- N/A --- --- --- 
𝜏, ns N/A N/A N/A N/A N/A --- N/A --- --- --- 

 

Even with quantifiable broadening in TH samples at 7 and 27 °C, the subtle quasi-elastic 

scattering contribution to the overall scattering signals made mechanistic interpretation a difficult 

task. The dependence of quasi-elastic broadening as a function of the scattering vector, Q was 

minimal. This suggests a lack of translational dynamics on the timescales of the HFBS instrument, 

suggesting that the water dynamics were likely due to local or rotational motions of molecules.  

The cross-sectional diameter (d) of the TH water channel at its narrowest point is 

approximately d = 3.2 Å. With a kinetic diameter of approximately d = 2.7 Å,52 the water molecules 

in the TH channel are considered confined species. As such, possible candidate mechanisms also 

include confined motions.115, 139-140, 145 Previous works have shown that the  confined, channel 

water molecules in TH egress along the 1-dimension (down the ± c-axis) during dehydration.80, 84, 

126, 154 Since these long-range motions become possible at higher temperatures, and in light of the 



 
 

97 

changes observed from 27 °C to 37 °C , it is reasonable that the lattice water molecules experience 

different diffusive motions at higher temperatures. Additional translational diffusive mechanisms 

should be considered to explain the quasi-elastic broadening associated with TH water molecules. 

In addition to local, confined, and translational diffusive mechanisms, proton-transfer mechanisms 

should also be considered a long-range candidate mechanism. In previous hydrogen-deuterium 

exchange experiments, Braun et al. confirmed H2O/D2O exchange was possible in TH84 though 

the mechanisms by which this occurs remain unclear. The exchange behaviors could serve as 

evidence for translational motion, however it does not preclude a proton transfer mechanism. 

Seemingly rigid, channel hydrate lattices with strong, hydrogen bonded molecules can promote 

lattice mobility in the form of proton transfer. 56, 94-95, 97, 103 At present, the underlying mechanistic 

descriptions associated with the lattice water motions of TH cannot be empirically determined 

from HFBS scattering data alone. Additional computational efforts are needed to clarify these 

complex molecular processes.   

The water motions in the CM lattice were outside of the experimental time window of the 

HFBS at all measured temperatures (Table 4.1). It is unclear whether this is because the lattice 

water motions are too slow or too fast to observe with this instrument resolution. This makes it 

impossible to compare the local water dynamics in the two materials. This observation highlights 

a second distinct challenge in assessing water dynamics in molecular hydrates with QENS 

experiments – though instruments with different resolution limits exist at different neutron 

facilities, it is difficult to know a priori which experimental time window is suitable as a probe for 

a given hydrate system. While the HFBS was indeed effective for investigating the water dynamics 

occurring in TH, this was not the case for CM. Additional experiments with other neutron 

scattering instruments are needed to clarify the water dynamics occurring within the CM lattice. 
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Nonetheless, it is clear that the timescale associated with water dynamics in the two nucleobases 

differ significantly both at and around room temperature.  

 The differences in the timescales of lattice water dynamics in TH and CM is not 

unsurprising given the large of thermal stability differences in the two systems. Some channel 

hydrates are able to lose and gain lattice water over a wide relative humidity range while 

maintaining the integrity of the host lattice. Using vibrational spectroscopy and ssNMR 

techniques, lattice water molecules in these systems are regarded as highly mobile.61, 96-98, 102 Other 

channel hydrates, particularly those with strong hydrogen-bonding interactions (to neighboring 

water molecules or other organic components) and/or very narrow channel dimensions, may 

exhibit surprisingly low quantitative water mobility104-105  and exhibit very little to no water loss 

even under elevated temperature conditions. There are also numerous examples channel hydrates 

which can undergo spontaneous water loss under ambient conditions, resulting in collapse of the 

channels and the formation of either anhydrous or less-hydrated forms. 

The TH and CM lattices were attractive systems for investigating water mobility since they 

are important biomolecules, conformationally rigid, and share similar 1D water environments 

albeit with different capacities for water-water interactions. From the current work, it is clear that 

the lattice water dynamics in these two systems are also different.  

 
 4.4.3 Correlated lattice motions in TH on dehydration   

 QENS has previously been used to characterize methyl-group rotations in molecular 

crystals143-144 occurring on a timescale faster than 10-40 ps. The dynamics of the 5-methyl groups 

of thymine in TH were not observable within the experimental time window of the HFBS (1.3 > 𝜏 

> 0.1 ns), however based on previous studies it was likely that these would contribute to the 

scattering signal measured with the DCS. Both TH-H2O and TH-D2O samples were examined with 
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the DCS. Because water motions are essentially silenced in the TH-D2O sample, it was possible to 

deconvolute the contributions from lattice water and and 5-methyl rotations in TH.  

Table 4.2 summarizes the quantitative Lorentzian broadening and associated relaxation 

times for the DCS data presented in Figure 4.5a-b. Within the experimental time window of the 

DCS, the TH-H2O and TH-D2O samples exhibited similar quasi-elastic broadening signals within 

0.5-1 h at 27 °C. The FWHM values of ~0.3 meV corresponds to lattice dynamics occurring on a 

timescale of ~4.4 ps. We assert that the quasi-elastic signals observed in these samples were due 

to thymine CH3 dynamics. As demonstrated by the linear curves in Figure 4.5b, no Q-dependence 

(Å-1) was observed across the surveyed Q-range for these samples. This is further evidence that 

local, rotational dynamics – such as those in the 5-methyl groups – are being probed with this 

instrument.   

 

Table 4.2. Water dynamics in TH-H2O and TH-D2O samples monitored with QENS using 

the DCS. Quasi-elastic broadening, Γ is reported in the form of FWHM. 

Experiment TH-H2O TH-D2O
a
 

𝜞, meV 𝝉, ps 𝜞, meV 𝝉, ps 
27 °C, 0.5 h 0.327(4) 4.03(5) --- --- 

27 °C, 1.0 h 0.438(4) 
0.387(3)a 

3.00(3) 
3.40(3)a 0.287(2) 4.59(3) 

27 °C, 2.0 h 0.500(5) 2.63(3) 0.385(3) 3.42(3) 
37 °C, 1.0 h 0.510(3)a 2.581(15)a 0.443(3) 2.97(2) 

a Determined from either 1.0 h count times or a sum of two 0.5 h count times 
 
 

Interestingly, we observed both a time-dependence and a temperature-dependence 

associated with the CH3 motions operating in these samples. After 2 h at 27 °C, the QENS 

broadening in TH-H2O and TH-D2O increased to approximately 0.5 and 0.4 meV, respectively. 
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The QENS signals remained independent of Q (Å-1). When samples of TH-H2O and TH-D2O were 

held for 1 h at 37 °C, similarly high QENS broadening signals were observed namely, ~0.5 and 

~0.4 meV, respectively. These energy values correspond to diffuse relaxation times of ~2.6 and 

3.3 ps, respectively. The 5-methyl groups of thymine molecules in the TH samples were expected 

to rotate faster with increased temperatures.143-144 However, the observed time-dependence was 

more unexpected. We believe the time-dependence of 5-methyl dynamics occurred due to 

dehydration events in the TH samples. In TH, the 5-methyl groups define the boundaries of the 

narrow, lattice water channel. As the TH lattice dehydrates, the water molecules diffuse along the 

water channel parallel to the ± c-axis.  The change in 5-methyl dynamics observed on dehydration 

of the TH lattice, is an indirect measurement of a change in lattice water dynamics occurring during 

the dehydration process.  

These neutron scattering data serve as empirical evidence that the motions associated with 

channel water molecules and 5-methyl groups of thymine molecules are correlated. This type of 

structural insight is invaluable in efforts to predict and control the dehydration behaviors of 

molecular hydrates. Flexible organic molecules have been known to change conformation and 

trigger dehydration reactions in hydrated phases.172 From our work, we assert that even subtle 

correlated motions with the organic components can play an important role in dehydration 

reactions. This understanding can be used to directly shape the structural design of molecular 

hydrates such as TH for predetermined control over lattice mobility.  

 
 4.5 Conclusion 

This work serves to illustrate the feasibility as well as some of the challenges associated 

with the use of quasi-elastic neutron scattering in the characterization of confined water dynamics 

in molecular hydrates. In this work, we have established a benchmark for water dynamics in 
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molecular hydrates using TH and CM as model hydrate systems. Using QENS, we were able to 

observe differences in lattice water mobility between the two molecular hydrates. We quantified 

the energy and timescale for TH lattice water dynamics as 2-2.5 eV and 0.66-0.53 ns, respectively. 

The dynamics associated with lattice water molecules in CM, however, fell outside of the 

instrument resolution window, an indication of the large difference in water dynamics between the 

two materials. While further experiments are necessary to clarify the quantitative differences 

between water motions in the two hydrates, these results demonstrate the feasibility of QENS in 

establishing correlations between lattice topology, water motions, and thermal stability.  

In this work two different QENS instruments were used to probe different experimental 

time windows. We highlighted this is a useful approach to better understand molecular motions 

occurring in hydrates both prior-to and during dehydration events. Using the DCS, empirical 

evidence confirmed lattice-water motions and thymine 5-methyl rotations are correlated. These 

insights are invaluable in the design and preparation of tailor-made hydrate lattices with engineered 

thermal properties. Although useful, QENS experiments present some practical challenges. These 

include the limited access to national facilities where work of this type can be performed, the long 

data collection times that are required for good statistics and the possibility that sample 

transformation occur over that time in some systems. The difficultly in predicting suitable 

instrument resolution windows a priori is also an issue that can only be resolved with analogous 

experimentation on other molecular hydrates. We hope that this work serves as an initial guide for 

future applications of this method in this class of materials.   
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 CHAPTER 5. IMPROVING CHANNEL HYDRATE STABILITY VIA LOCALIZED 

CHEMICAL TUNING OF THE WATER ENVIRONMENT WITH 5-AMINOURACIL 

SUBSTITUTIONSf 

5.1 Introduction 

In Section 1.4, multiple molecular hydrate classification schemes were introduced. The 

defining structural features of molecular hydrates have implications on the thermal and sorption 

behaviors of the hydrated material.  Channel hydrates are often presumed to have lower thermal 

stabilities than isolated-site or ion-assisted hydrates based on the assumption that water molecules 

can more easily diffuse along the water channel which is inevitably exposed to the external 

environment.  Here we explore the possibility of expanding the thermal stability range of a channel 

hydrate by the introduction of site-specific lattice inclusions designed to subtly alter the local 

environment of the water molecules within the channel.  This approach has been used in other 

types of porous materials (e.g. metal-organic frameworks118, 173-175), but to our knowledge has not 

been explored as a means to tailor the properties of organic hydrates.  

The structure and dehydration behavior of thymine hydrate (TH) was thoroughly discussed in 

previous Chapters. Collectively – from the literature precedent and new experimental insights 

presented in Chapter 3 – TH is known to slowly dehydrate under ambient conditions (and more 

rapidly at elevated temperatures) yielding more than one anhydrous crystalline product. The QENS 

in-situ dehydration results presented in Chapter 4 served as empirical evidence that the motions 

of the 5-methyl groups (which constitute a significant fraction of the channel surface area) are 

directly impacted by the dynamics of the confined lattice water molecules. In this Chapter, we 

 
 
fReprinted and adapted with permission from Watts, T. A.; Niederberger, S. M.; Swift, J. A., Improving Channel 
Hydrate Stability via Localized Chemical Tuning of the Water Environment. Crystal Growth and Design 2021, ASAP. 
Copyright © 2021, American Chemical Society. 
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demonstrate an effective strategy to improve the thermal stability of TH through the introduction 

of highly localized site-specific inclusions. Water molecules in TH occupy 1-dimensional channels 

defined on two sides by the 5-methyl groups of thymine. Systematic replacement of a fraction of 

the 5-methyl groups with 5-amino functionalities is used as a means to increase the interaction 

between water molecules and the channel surface and thereby improve the thermal stability of the 

lattice.  Herein we report the preparation and characterization of mixed TH crystals with tailored 

5-aminouracil (AUr) inclusions. The mixed crystal TH-AUr crystal compositions are isomorphous 

with TH, but the thermal stability of the material is dramatically increased as a function of AUr 

concentration. Compared to pure TH, the mixed crystals were also found to dehydrate via a 

different solid state mechanism and yield a different distribution of anhydrous (i.e. neat) products.   

 
 5.2 Experimental details 

 5.2.1 Sample preparation and characterization 

Materials and crystal growth methods used in the preparation of TH and thymine-AUr 

mixed crystals are noted in Section 2.1.2. We refer to the series of mixed crystals prepared in this 

work as TH-AUrx where x is the mol percent of 5-aminouracil in the growth solutions. Details for 

optical and hot stage microscopy, 1H NMR, and PXRD experiments can be found in Section 2.5, 

2.4.1, and 2.3.2, respectively.  

 
 5.2.2 Thermal analysis 

Dehydration in TH and TH-AUrx were characterized by means of variable-temperature 

DSC and TGA (Section 2.2.1 and 2.2.2, respectively). Isothermal dehydration experiments using 

TGA were performed at 45, 50, 57, and 65 °C. Samples tested (5.0 - 10.0 mg) were either 

unground, as-grown crystals or wet-ground in a small amount of the growth solution and vacuum 
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dried for 15 minutes prior to data collection. The fraction dehydrated, α, was determined from the 

% mass loss at each data point relative to the total experimental wt % loss (according to Equation 

2.1). The linear portions (0.3 < α < 0.9) of the isothermal TGA curves were then subjected to 

kinetic analyses following established model-dependent and model-independent methods (Section 

2.2.2.1).  For model-dependent analyses, data were fit to each of the solid state models in Table 

2.1 and assessed based on the correlation coefficient (R2).  

 
 5.2.3 Sorption Analysis 

Water sorption curves were collected under isothermal (25°C) and constant relative 

humidity (98% RH) conditions following the experimental details in Section 2.2.3. The linear 

portions of the sorption curves (0.20 < 𝛼 < 0.9) were fit to the solid state reaction models listed in 

Table 2.1 and assessed based on the correlation coefficient (R2).  

 
 5.2.4 Single-crystal x-ray diffraction 

The experimental and refinement details for TH-AUrx single crystals can be found in 

Sections 2.3.1 and 2.3.1.2, respectively. CCDC deposition numbers: 2059761 - 2059764. 

 
 5.2.5 In-situ sPXRD 

The experimental details associated with the time-resolved sPXRD measurements are found 

in Section 2.3.2. In-situ dehydration reactions of TH-AUrx were monitored using sPXRD (𝜆 = 

0.45256 Å) under isothermal heating conditions between 27 °C and 57 °C and temperature ramping 

conditions up to 150	°C.  Starting structural models for Rietveld refinements were based on those 

determined in Chapter 3 for the pure TH system. Refined parameters included background terms 

(chebychev, 6 terms total), zero error, unit cell parameters, and crystallite size and strain.  
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A multiphase input file was prepared with optimized parameters for TH and Td1 models for 

sequential refinement of isothermal dehydration data (TH-AUr10, 27 °C).  Optimization of a TH 

model was performed using the starting experimental powder pattern at room temperature.  

Parameters such as crystallite size and strain were then fixed for TH based off of this optimized 

refinement. Optimization of the Td1 model was performed using the experimental pattern of the 

dehydrated product at room temperature.  Parameters such as size and strain and atomic sites were 

fixed for Td1 based off of this optimized refinement for the total sequential refinement.  

Background terms (chebychev = 5) were refined throughout sequential analysis. Unit cell 

parameters were allowed to refine sequentially.  

The room temperature experimental pattern for the TH-AUr10 dehydration (isothermal, 45 °C) 

product was refined using the previously refined structure of Td1 isolated on TH dehydration as 

the starting model (DOI: 10.1021/acs.cgd.0c01210).  A small amount of the initial hydrate phase 

was present at the end of the experiment and was included in the refinement model.  Refined 

parameters include background terms (chebychev = 9), crystallite size and strain parameters.  A 

rigid body was used to model thymine molecules.  The experimental pattern was successfully fit 

with an Rwp = 12.15% and a GOF = 8.0.  The P21/n unit cell produced parameters refined to a = 

4.528(3) Å, b = 23.66(2) Å, c = 5.390(3) Å, beta = 93.62(6)°, Vol = 576.3(7) Å3.  The Td1 and TH-

AUr10 components refined to 94 and 6 mol %, respectively.  

 
 5.3 Results and discussion 

The structural features of thymine hydrate and its major dehydration products, Td1 and Td2 are 

described in Chapter 3. Important structural aspects most relevant to the discussion in the current 

chapter will be briefly reiterated (Figure 5.1). In this channel hydrate, thymine molecules assemble 

into linear 1-dimensional hydrogen bonded tapes which close pack in parallel into dense 2-
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dimensional layers in the (010) plane.  At the interface between layers, a lower molecular density 

creates a series of parallel 1-dimensional channels along the ± c-axis which are occupied by water 

molecules.  The water occupancy is maximally ~ 80%.  The channel dimensions are defined on 

two sides by the 5-methyl groups and above and below by the O2 and C6-H groups of thymine.  

Each water molecule within a given channel hydrogen bonds to up to two neighboring water 

molecules as well as to one thymine molecule through O2.  The cross-sectional diameter (d) of the 

channel at its narrowest point is approximately d = 3.2 Å.  With a kinetic diameter of approximately 

d = 2.7 Å,52 the water molecules in the TH channel are considered confined species.  

 

 
Figure 5.1. Crystallographic and molecular structures of TH, thymine, and 5-

aminouracil.  Thymine hydrate (TH) lattice (A) and (B) viewed down the c-axis which is along 

the 1-dimensional water channel. (C) View down the a-axis. Channel water molecules hydrogen 

bond to one another along the ± c-axis as well as to the O2 atoms of thymine molecules. (D) 

molecular structures of thymine and 5-aminouracil (AUr).  
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As discussed in Chapter 3, the solid state dehydration of TH is anisotropic and proceeds via 

a 1-dimensional diffusion mechanism.154 Through a combination of thermogravimetric kinetic 

studies as well as hot stage microscopy experiments, it was clear that water loss from TH occurred 

preferentially along the channel direction. The results of the QENS experiments in Chapter 4 

highlighted the correlated motions of the channel water molecules and the 5-methyl groups of 

thymine molecules. We sought to increase the affinity between water and the methyl-terminated 

channel walls by systematically replacing some of the 5-methyl groups with functionalities that 

could provide greater stabilization.  Unlike in metal-organic frameworks where post-synthetic 

modification strategies can be used to modify pore surfaces,176   the narrow channel dimensions of 

TH do not allow for such methods.  Rather, chemical modification to the channel walls must occur 

at the time of crystal assembly.  Mixed hydrates of thymine and 5-aminouracil (AUr) provided a 

means to effectively replace some methyl groups with amino functionalities in the TH lattice in 

order to establish correlations between the water-channel interactions and the thermal properties 

exhibited by the material.   

The literature precedent for solid solution preparation and use in manifesting continuous 

property changes of molecular materials was highlighted in Section 1.3.1. Solid solutions have 

previously been used to alter material properties such as e.g. optoelectronic performance,35-36 

melting temperature,37-39 dissolution rate.40  The efficiency and energy penalty associated with the 

inclusion of a secondary component in the lattice of another compound is related to many factors, 

one of which is the extent to which the substituting component disrupts the host lattice.31, 37, 43-45 

Kitaigorodsky stressed the importance of size and shape similarity in criteria for component 

miscibility in mixed crystals.44-45  Most often solid solutions are prepared using structural analogs 

where the secondary component is similarly sized and the functionality differs at a terminal group 
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position (e.g. hydrogen/fluorine or methyl/chloro/ bromo groups38, 41, 46-49) though non-terminal 

substitutions are also possible.37  The similar volumes of methyl (23.5 Å3) and amino (19.7 Å3) 

substituents44 and the fact that AUr does not appear to crystallize independently as a hydrate made 

it reasonable to explore 5-aminouracil inclusion in this system.   

 
 5.3.1 Characterization of the TH-AUrx series 

Phase pure TH crystallizes from supersaturated aqueous solutions (5 mg/ml) of thymine 

maintained at 4°C.84, 126, 154  Mixed crystals were similarly prepared from solutions of thymine and 

5-20 mol% of 5-aminouracil (AUr) in four different stoichiometric ratios. Under these 

crystallization conditions, high quality optically transparent plates typically appeared within ~12 

hours. Mixed TH-AUrx crystals also grew as elongated (010) plates with more variable dimensions 

(Figure 5.2).  

 

 

Figure 5.2. Representative micrographs of TH and the TH-AUrx series. (a) TH, (b) TH-

AUr5, (c) TH-AUr10, (d) TH-AUr15, (e) TH-AUr20. All scale bars = 50 µm. 
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Powder X-ray diffraction data of the bulk precipitate from each mixed solution composition 

were identical to that from pure thymine solution (Figure 5.3).  No new diffraction lines were 

present in any of the mixed crystal samples, indicating that phase pure material with the same TH 

lattice was obtained at all compositions. 

 

Figure 5.3. Representative PXRD patterns of TH and the TH-AUrx series. (from bottom to 

top) Simulated PXRD pattern of TH (THYMMH) and experimental patterns of TH, TH-AUr5, 

TH-AUr10, TH-AUr15, TH-AUr20. Mixed crystals are phase pure and isomorphous with TH.   

 
A linear relationship between the AUr concentration in the growth solution and in each 

TH-AUrx composition was confirmed by 1H NMR on dissolved crystals. Comparison of the 

integrated areas of the C6-H proton signal in thymine (d = 7.24) and AUr (d = 6.58) showed that 

approximately 85% of AUr present in the growth solution was included at each concentration 

investigated (Figure 5.4).  TH-AUr5, TH-AUr10, TH-AUr15 and TH-AUr20 had average AUr 

concentrations of 4.0(4), 8.5(3), 12.8(4) and 17.6(9) mol%, respectively.  Water occupancies for 

each of the four TH-AUrx compositions were verified with TGA, with results indicating a water 
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content similar to pure TH in all cases. These quantitative inclusion results are summarized in 

Table 5.1.  Representative 1H NMR data are included in Appendix B. 

 

 

Figure 5.4. Mixed TH-AUrx solid state compositions as a function of AUr content in 

growth solutions.  The AUr content (mol%) determined by means of 1H NMR (black, 

triangles) and water content (wt%) determined by means of TGA (blue, circles) in TH-AUrx 

crystals grown from aqueous solutions with 5- 20% AUr.    
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Table 5.1. Composition of TH and the TH-AUrx series quantified by 1H NMR and TGA. 

Refined The products of each growth solution composition were analyzed for solid state AUr 

inclusion (1H NMR) and water content (TGA). Average quantitative inclusion values (+/- SD or 

+/-  95% CI) were determined using at least three measurements (n > 3).  

 

AUr in growth solution 
(mol%) 

Solid state AUr 
content 

AVG mol% (+/- SD) 

Water content 
AVG wt% loss 
(+/- 95% CI)  

AVG water occupancy 
(+/- 95% CI)  

0 --- 9.4(4)* 0.72(5)* 
5.0 4.0(4) 9.4(6) 0.72(4) 
10.0 8.5(3) 8.8(4) 0.68(5) 
15.0 12.8(4) 9.0(1.2) 0.69(6) 
20.0 17.6(9) 8.6(6) 0.66(2) 

*= values from DOI: 10.1021/acs.cgd.0c01210 
 

Single crystal X-ray diffraction on at least two crystals obtained from each growth solution 

confirmed TH and TH-AUrx are isomorphous.  Furthermore, in each and every data set, there was 

no indication of molecular disorder, indicating that the 5-amino substituent of each included AUr 

molecule effectively replaces one of the 5-methyl groups which define the water channel walls 

(Figure 5.5).  We assume that the distribution of AUr molecules within each mixed crystal is 

stochastic, since there was no evidence for supercell ordering in the diffraction data.  

Crystallographic information for each of the mixed crystal compositions are summarized in Table 

5.2. 
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Figure 5.5. Single-crystal structure of TH-AUr10. Included 5-aminouracil molecules adopt 

the same orientation as thymine in the host lattice. 

 
Table 5.2. Crystallographic parameters for TH and the TH-AUrx series. Refined 

crystallographic parameters from single-crystal XRD experiments for pure and mixed TH-AUrx 

crystals.  

System TH 
(THYMMH)126 TH-AUr5 TH-AUr10 TH-AUr15 TH-AUr20 

Formula 
C5H6N2O2  
∙ 0.83(H2O) 

0.96(C5H6N2O2) 
0.04(C4H5N3O2) 

 ∙0.83(H2O) 

0.915(C5H6N2O2) 
0.085(C4H5N3O2) 

 ∙0.82(H2O) 

0.872(C5H6N2O2) 
0.128(C4H5N3O2) 

 ∙0.83(H2O) 

0.824(C5H6N2O2) 
0.176(C4H5N3O2) 

 ∙0.82(H2O) 
Temperature (K) RT 100 100 100 100 

Space Group P21/c P21/c P21/c P21/c P21/c 
a (Å) 6.077 5.9980(5) 6.0049(6) 6.0063(3) 6.0120(13) 
b (Å) 27.862 27.703(2) 27.752(3) 27.7287(14) 27.775(7) 
c (Å) 3.816 3.7251(3) 3.7260(4) 3.7117(2) 3.7018(10) 
𝛽 (°)  94.32 93.166(3) 93.049(2) 93.028(2) 92.946(10) 

vol (Å3) 644.279 618.03(9) 620.06(11) 617.31(6) 617.3(3) 
Z 4 4 4 4 4 

R-factor (%) 7.8 4.20 3.81 4.40 5.94 
Crystal Habit Plate Plate Plate Plate Plate 

 

 5.3.2 Enhanced thermal stability range with AUr inclusion 

Collectively the results from the X-ray diffraction, NMR, and TGA weight loss 

experiments indicated that the 5-amino for 5-methyl substitutions was surprisingly efficient, with 
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the inclusion of AUr molecules causing minimal disruption to the parent TH lattice.  Notably, the 

macroscopic plates obtained at all TH-AUrx compositions also appeared morphologically similar 

to pure TH, suggesting that perturbations to the relative growth rates along different 

crystallographic directions were also minimal.  With the isomorphous nature of the mixed crystals 

confirmed, the next steps were to assess the extent to which these inclusions improved the lattice’s 

thermal stability and whether TH-AUrx dehydration processes were affected in other identifiable 

ways. 

When TH is heated under DSC conditions in a hermetically sealed pan at a heating rate of 

5.0 °C/min, dehydration occurs at a maximum temperature of Tmax = 54.4 ± 0.7°C.154  When TH-

AUrx was heated under the same conditions, significantly higher temperatures were required to 

affect dehydration, with the Tmax value increasing progressively with the mol fraction of included 

AUr.  Representative DSC thermograms for each composition are shown in Figure 5.6. At even 

the lowest 4.0(4) mol% AUr inclusion levels, the endotherm in TH-AUr5 occurred at Tmax = 71.1 

± 0.6 °C (± 95% CI) or ~ 16°C higher than TH.  TH-AUr20 with the highest mol fraction of AUr, 

dehydrated at a remarkable Tmax = 101 ± 2 °C (± 95% CI), a temperature over 45 °C higher than 

TH.  The complete list of quantitative Tmax results for the TH-AUrx series are included in Table 

5.3. The dramatic increases in thermal stability realized from site-specific modification to the TH 

lattice illustrate the enormous potential for fine-tuning the water channel properties as a means to 

alter thermal stability.   
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Figure 5.6. Variable-temperature DSC thermograms of TH and the TH-AUrx series. DSC 

thermograms of pure TH and mixed TH-AUrx crystals when heated at 5 °C/min in hermetically 

sealed pans.  An observable increase in Tmax is accompanied by increased AUr concentration in 

the mixed crystals.  With 0, 5, 10, 15, and 20 mol% of AUr in the growth solutions, average 

Tmax values (± 95% CI) were 54.4(7), 71.1(6), 85(2), 96(3), and 101(2) °C, respectively. 

 
Table 5.3. Average Tmax values for TH and the TH-AUrx series. The quantitative values were 

extracted on integration of the endothermic dehydration events observed in DSC thermograms for 

TH and the TH-AUrx crystals.   

 
TH-AUrx Average Tmax ± 95% CI °C 

 x = 0* x = 5 x = 10 x = 15 x = 20 
Tmax 54.4(7)n=10 71.1(6)n=3 85(2) n=4 96(3) n=3 101(2) n=3 

*= value from DOI: 10.1021/acs.cgd.0c01210 
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 5.3.3 Dehydration reaction kinetics in TH-AUrx 

Insight into the how site-specific AUr inclusions alter other aspects of the dehydration 

reaction was gained through kinetic studies and analyses of the resulting anhydrous products.  

Qualitative indicators that AUr inclusion fundamentally altered the dehydration mechanism were 

initially noted in hot stage microscopy experiments.  When TH plates are heated, water loss via 1-

dimensional diffusion manifests visually as the development of opaque regions that anisotropically 

expand along the c-axis as the TH lattice collapses to polycrystalline anhydrous material as shown 

in Figure 3.2.154  In contrast, when TH-AUrx plates are heated more randomized opaque regions 

develop and multiple cracks form throughout the crystal. Representative micrographs of a hot stage 

microscopy experiment conducted during the in-situ dehydration of TH-AUr10 are shown in 

Figure 5.7. In addition to the changes observed using microscopic methods, the shape of the TGA 

thermograms used to determine water content in TH and TH-AUrx appeared qualitatively different. 

When heated at 5 °C/min the TH weight loss curve is sigmoidal, but in TH-AUrx the weight loss 

occurs more gradually over a wider temperature range as shown in Figure 5.8.   
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Figure 5.7. Representative hot stage micrographs on in-situ dehydration of TH-AUr10.  

Micrographs captured on heating a TH-AUr10 sample at 5 °C/min from 20-120 °C. The 

development of opaque regions and/or cracks are in response to water loss and collapse to a 

polycrystalline material. 

 

 

Figure 5.8. Representative variable-temperature TGA data for the TH-AUrx series. TH-

AUrx samples were heated at 5 °C/min from ~20 °C to temperatures ≥ 80 °C. 
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Isothermal TGA experiments performed on TH-AUrx compositions provided a more 

quantitative means to determine the solid state dehydration kinetics and assess the mechanistic 

impacts of AUr substitutions. The analysis of dehydration reaction kinetics by means of isothermal 

TGA is outlined in Section 2.2.2.1. The samples in these experiments were heated isothermally 

and the fraction dehydrated, α, was determined at each time point based on the % mass loss relative 

to the initial water content.  Data in the linear portion of each curve from 0.3 < 𝛼 < 0.9 were fit to 

numerous common solid state reaction models (Table 2.1).  The various theoretical mathematical 

expressions for nucleation and growth, geometrical contraction, diffusion, and reaction-order 

models are based on the rate-limiting step associated with each reaction mechanism.  The statistical 

probability of each reaction model was then evaluated based on the correlation coefficient (R2) 

between the experimental data and each model fit.  Model-independent approaches were also used 

to determine the reaction activation energy, Ea, without underlying mechanistic assumptions.   

Previously, kinetic analyses showed TH dehydration occurred via a continuous 1-

dimensional diffusion model (D1) over a broad range of temperatures (Chapter 3).154  Each of the 

TH-AUrx compositions also underwent a smooth continuous transformation when dehydrated 

isothermally at 45°C.  However, when the kinetic data were fit to the reaction models in Table 

2.1, multiple mechanisms were found to have similarly good agreement.  Higher order diffusion 

models (D2 and D4), a 3-dimensional phase boundary model (R3), and a first-order model (F1) 

had the highest correlation coefficients (Table 5.4).  Although the calculated rate constant depends 

on the model, each of the four models showed the same clear trend in which the rate constant is 

inversely proportional to the AUr mol % (Table 5.5).  In each of the four top models considered, 

the rate constant for TH-AUr20 dehydration was ~60% lower than for TH-AUr5.   
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Table 5.4. Regression parameters for model-dependent kinetic analysis across the TH-AUrx 

series. Isothermal dehydration data (45 °C) were fit to the various solid state reaction models. 

Best-fit reaction models with R2 values > 0.99 are indicated in red.  Those with R2 values ≥ 0.999 

are in red and bold. 

 Reaction model  R2 values for the TH-AUrx Series 
x = 5 x = 10 x = 15 x = 20 

Nucleation Models     

1D growth of nuclei (Avrami-Erofeyev Eq, n = 2) (A2) 0.9982 0.9915 0.9940 0.9919 
2D growth of nuclei (Avrami-Erofeyev Eq, n = 3) (A3) 0.9937 0.9830 0.9866 0.9836 
3D growth of nuclei (Avrami-Erofeyev Eq, n = 4) (A4) 0.9902 0.9776 0.9818 0.9783 

Random nucleation (Prout-Tompkins Eq) (P1) 0.9957 0.9863 0.9896 0.9868 
Power law (n = 1/2) (P2) 0.9480 0.9198 0.9285 0.9213 
Power law (n = 1/3) (P3) 0.9378 0.9076 0.9170 0.9094 
Power law (n = 1/4) (P4) 0.9323 0.9011 0.9109 0.9032 

Geometrical Contraction Models        
2D phase boundary (Contracting area) (R2) 0.9976 0.9891 0.9919 0.9890 

3D phase boundary (Contracting volume) (R3) 0.9999 0.9959 0.9976 0.9959 
Diffusion Models        
1D diffusion (D1) 0.9971 0.9879 0.9905 0.9869 
2D diffusion (D2) 0.9978 0.9994 0.9991 0.9984 

3D diffusion (Jander Eq) (D3) 0.9744 0.9900 0.9866 0.9897 
3D Diffusion (Ginstling-Brounshtein Eq) (D4) 0.9928 0.9993 0.9979 0.9985 

Reaction Order Models        
Zero-order (R1) 0.9726 0.9507 0.9573 0.9511 
First-order (F1) 0.9939 0.9992 0.9987 0.9994 

Second-order (F2) 0.8977 0.9296 0.9246 0.9316 
Third-order (F3) 0.7400 0.7913 0.7849 0.7964 
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Table 5.5. Rate constants associated with isothermal dehydration of the TH-AUrx series. 

Best-fit reaction models to the isothermal dehydration (45 °C) data for the TH-AUrx series 

provided R2 values ≥ 0.999.  

Reaction model 
Rate constant, k x 10-3 (min-1)  

45 °C isothermal dehydration of TH-AUrx 
x = 5 x = 10 x = 15 x = 20 

A2 10.9 6.2 5.9 4.2 
R3 5.2 3.0 2.8 2.0 
D2 7.9 4.6 4.3 3.1 
D4 2.2 1.3 1.2 0.9 
F1 23.5 13.7 13.0 9.3 

 

Isothermal dehydration was next examined in one mixed crystal composition, TH-AUr10, 

at four different temperatures 45, 50, 57, and 65 °C (Figure 5.9).  Under these conditions, the fit 

to 3D diffusion (D4) and first-order (F1) reaction models were similarly high (Table 5.6). The rate 

constant at each temperature was calculated, and the temperature-dependent rate constants were 

used to calculate the activation energy for each top-model. The Arrhenius plots for the D4 and F1 

models are included in Figure 5.10b. Both models yielded the same Ea = 85 ± 2 kJ/mol.   
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Figure 5.9. Representative isothermal TGA data for TH-AUr10. Fraction dehydrated as a 

function of time for TH-AUr10 at 45 °C (green), 50 °C (blue), 57 °C (red), and 65 °C (purple).  

Data from 0.3 < α < 0.9 were used in kinetic analyses. 
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Table 5.6. Regression parameters for model-dependent kinetic analysis for TH-AUr10. 

Isothermal dehydration data was collected at 45, 50, 57, 65 °C were fit to the various solid state 

reaction models. Best-fit reaction models with R2 values > 0.99 are indicated in red.  Those with 

R2 values ≥ 0.999 are in red and bold. 

 Solid State Reaction Model  R2 values 
45 °C 50 °C 57 °C 65 °C 

Nucleation     

1D growth of nuclei (Avrami-Erofeyev Eq, n = 2) (A2) 0.9933 0.9812 0.9859 0.9874 
2D growth of nuclei (Avrami-Erofeyev Eq, n = 3) (A3) 0.9858 0.9694 0.9758 0.9775 
3D growth of nuclei (Avrami-Erofeyev Eq, n = 4) (A4) 0.9809 0.9623 0.9697 0.9715 

Random nucleation (Prout-Tompkins Eq) (P1) 0.9888 0.9738 0.9797 0.9812 
Power law (n = 1/2) (P2) 0.9271 0.8913 0.9078 0.9079 
Power law (n = 1/3) (P3) 0.9157 0.8774 0.8952 0.8954 
Power law (n = 1/4) (P4) 0.9097 0.8701 0.8886 0.8889 

Geometrical Contraction     
2D phase boundary (Contracting area) (R2) 0.9908 0.9770 0.9827 0.9835 

3D phase boundary (Contracting volume) (R3) 0.9968 0.9877 0.9915 0.9924 
Diffusion     

1D diffusion (D1) 0.9889 0.9746 0.9811 0.9808 
2D diffusion (D2) 0.9986 0.9951 0.9969 0.9971 

3D diffusion (Jander Eq) (D3) 0.9881 0.9974 0.9948 0.9945 
3D Diffusion (Ginstling-Brounshtein Eq) (D4) 0.9979 0.9991 0.9992 0.9994 

Reaction Order     
Zero-order (R1) 0.9556 0.9272 0.9400 0.9399 
First-order (F1) 0.9989 0.9988 0.9994 0.9999 

Second-order (F2) 0.9309 0.9524 0.9486 0.9441 
Third-order (F3) 0.8009 0.8327 0.8284 0.8189 

 

Kinetic data were also analyzed with model-independent Friedman and Standard methods in 

an effort to determine the Ea apart from any mechanistic assumptions.82, 124, 158, 177  The model free 

methods were also in good agreement with Ea = 86 ± 9 kJ/mol (Friedman) and Ea = 89 ± 9 kJ/mol 

(Standard). These results are compared to the model-dependent Ea determination in Figure 5.10. 

This activation energy is notable when compared to TH dehydration measurements determined 

under the same isothermal TGA conditions.  Previous model-independent analyses yielded an Ea 
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= 115 – 122 kJ/mol for this process.154  Given its enhanced thermal stability and a greater entropic 

contribution, one would have expected TH-AUr10 to have a lower free energy than TH.  Based on 

this relative energy difference of the initial phase, one might predict a higher activation barrier to 

dehydration for TH-AUr10 relative to TH.  But in fact, the opposite was observed.  Rationalizing 

the lower Ea for dehydration from TH-AUr10 relative to TH required a closer look at the anhydrous 

products generated from the pure and mixed crystals.   

 
Figure 5.10. Summary of model-dependent and model-independent Ea determination for 

isothermal dehydration of TH-AUr10. (A) Ea values using each kinetic analysis approach. (B) 

The Arrhenius curves for best-fit reaction models D4 (red, diamonds) and F1 (blue, circles).  

Model-independent (C) Friedman and (D) Standard methods resulted in consistent Ea values over 

the course of the reaction which were in good agreement with model-dependent values. 

 

  

0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0

0.0029 0.0030 0.0030 0.0031 0.0031 0.0032

-ln
(k

) (
m

in
-1
)

1/T (K-1)

D4
F1

TH àTd1 Reaction in TH-AUr10,
Ea Determination

Method Ea (kJ/mol)

Model-based, D4 and F1 85 ± 2

Model-free, Friedman 86 ± 9

Model-free, Standard 89 ± 9

A. B.

D.C.

0
20
40
60
80

100
120
140
160

0.0 0.2 0.4 0.6 0.8 1.0

E a
(k

J/
m

ol
)

RXN progress,  !

Friedman Analysis
0

20
40
60
80

100
120
140
160

0.0 0.2 0.4 0.6 0.8 1.0

E a
(k

J/
m

ol
)

RXN progress, !

Standard Analysis



 
 

124 

 5.3.4 TH-AUrx dehydration products and time-resolved structural changes 

In Chapter 3, we discussed the time-resolved synchrotron PXRD studies154 which revealed 

that the dehydration of TH under isothermal conditions consistently yielded at least two major 

anhydrous products, which we referred to as Td1 and Td2. The refinement details and 

crystallographic parameters associated with these phases are discussed in Chapter 3, however, 

these structures (with an emphasis on their packing topologies) are included in Figure 5.11 for 

discussion purposes. Dehydration of TH at 45°C (0% RH) yielded Td1:Td2 in a ~ 3:1 ratio; higher 

isothermal temperatures generally resulted in a higher mol fraction of Td2. Under temperature 

ramping conditions and at higher temperatures, Td1 was also found to transform to Td2.  Td1 was 

typically not observed above ~ 180°C.  

 
Figure 5.11. Packing diagrams for major anhydrous phases involved in the dehydration 

of TH and TH-AUrx. Additional crystallographic information for these phases can be found 

in Chapter 3 and have been previously reported in DOI: 10.1021/acs.cgd.0c01210. 

 
TH-AUr10 dehydration under identical isothermal heating conditions of 45°C (0% RH) 

revealed distinct differences compared to TH (Figure 5.12). As expected TH-AUr10 remained 
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stable for much longer times (~ 40 min) compared to TH (~ 14 min), but more surprising was the 

fact that TH-AUr10 yielded Td1 as the only anhydrous product. Figure 5.13 is the Rietveld plot of 

a room temperature powder pattern of this product. The Rietveld refinement confirmed this 

structure was isomorphous with the Td1 structure isolated in pure TH dehydration experiments 

(Chapter 3). Analogous experiments on other TH-AUrx compositions showed in each and every 

case that isothermal dehydration at temperatures up to 65° also yielded Td1 as the only anhydrous 

product phase.  Under temperature ramping conditions Td2 eventually did appear, but only at 

temperatures above ~ 90°C.  This finding indicates that in addition to slowing water loss, the AUr 

inclusions also inhibit two different solid state reactions - both the transformation from the hydrate 

to Td2 as well as the polymorph transformation from Td1 to Td2. 
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Figure 5.12. Comparing the major products of isothermal dehydration reactions using 

either TH or TH-AUr10 as the starting materials. (top) Time-resolved sPXRD contour plot 

tracking the dehydration of TH-AUr10 at 45 °C (0% RH).  The plot consists of 293 sPXRD 

patterns collected sequentially in roughly 20 s intervals over ~2 hours.  (bottom) Comparison 

of the dehydration product formed from TH-AUr10 (red) and the dehydration product formed 

from TH (blue) under identical 45 °C (0% RH) conditions.  TH-AUr10 dehydration yields only 

one anhydrous product, Td1, whereas TH dehydration yielded two major anhydrous products, 

Td1 and Td2. 
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Figure 5.13. Rietveld plot of the dehydration product isolated on isothermal dehydration 

(45 °C) of TH-AUr10. Observed intensity information (black) for the experimental room 

temperature powder pattern, modeled intensity (red), and the difference pattern (grey) are 

shown. Since a fraction of TH remained at the end of this dehydration experiment, the hydrate 

structure was incorporated into the multi-phase Rietveld refinement. Reflections for the Td1 

phase are indicated by blue tic marks. P21/n unit cell produced parameters refined to a = 

4.528(3) Å, b = 23.66(2) Å, c = 5.390(3) Å, beta = 93.62(6)°, Vol = 576.3(7) Å3.  Rwp = 12.15%. 

 
Recognition that TH-AUr10 and TH generated different anhydrous products was key to 

rationalizing the lower Ea associated with TH-AUr10 dehydration.  Since only one dehydration 

product is formed, the Ea calculated from TH-AUr10 data cleanly describes the transformation to 

Td1.  In contrast, the Ea determined from TH data is a convolution of two competing reactions, TH 

to Td1 and TH to Td2.  (The Ea associated with the Td1 to Td2 polymorph conversion is not 
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accounted for in the TGA data since the reaction progress is based on weight loss.)  TH and Td1 

are topologically similar and share a common 1-dimensional non-polar ribbon motif and dense 

(010) layer structure.  In contrast, Td2 has a different polar ribbon motif and layer topology.  Since 

dehydration to Td1 requires significantly less molecular reorganization and no change in either the 

hydrogen bonded ribbons or aromatic stacking, it stands to reason that the Ea for the TH to Td1 

reaction would be lower than the TH to Td2 reaction.     

To assess whether AUr inclusions affected the molecular-level reorganization from TH-

AUr10 to Td1 in other subtle ways, time-resolved sPXRD was used to track the structural changes 

throughout the dehydration reaction. TH-AUr10 was held at 27°C (0% RH) for an extended time 

period (5.5 hr) with continuous collection of high-resolution patterns in 20 s intervals.  Sequential 

refinement of the sPXRD patterns in the minutes directly preceding the appearance of Td1 showed 

a ~ 0.39% decrease in the cell volume, presumably in response to partial water loss (Figure 5.14).  

Changes in the individual cell parameters reflect the subtle changes experienced by the hydrate 

lattice prior to its collapse, particularly at the interfaces between the (010) layers which are the 

regions most affected by water loss.  Prior to the first appearance of anhydrous product, most of 

the lattice volume decrease in the hydrate is associated with changes in the b-axis and beta angle.  

The a-axis length remains essentially constant and the c-axis shows only a modest decrease.  

Counter-intuitively, the interlayer separation (b-axis) undergoes an initial increase before later 

decreasing at the same time the beta angle steadily decreases.  These cooperative changes in the 

b-axis and beta angle presumably enable the 5-X substituents on the corrugated (010) planes to 

move past one another.  This same “morning stretch” type motion was also identified in time-

resolved TH dehydration studies.  While altering the size and chemistry of the 5-X substituents 

could affect the energetics of this morning stretch motion, the magnitude of the changes in TH-
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AUr10 cell parameters were quite similar to those previously observed in TH.  Relatedly, the 

thermal expansion in TH and TH-AUr10 over a temperature range from 25 – 57 °C were also 

comparable in magnitude (Figure 5.15 and Table 5.7).  Based on these data, we conclude that 

while AUr inclusions have a significant effect on water mobility in the channel, they do not appear 

to significantly alter the thymine motions that lead to Td1.   
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Figure 5.14. Unit cell parameters of TH-AUr10 monitored as a function of time when 

dehydrated at 27 °C by means of in-situ sPXRD. (top) Unit cell parameters obtained from 

sequential refinement of 53 sPXRD patterns between 92 and 112 min when TH-AUr10 was heated 

isothermally at 27°C (0% RH) for 5.5 hr.  The point in red corresponds to the first powder pattern 

where diffraction lines corresponding to the dehydration product are observed.  The subtle 

changes in the hydrate cell parameters which precede the appearance of anhydrate indicate that 

the lattice is able to adapt to some fractional amount of water loss prior to its collapse.   
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Figure 5.15. Thermal expansion of TH-AUr10 determined using isothermal sPXRD. TH-

AUr10 unit cell parameters as a function of temperature at 27, 45, 50 and 57 °C. The values 

represent the percent change from starting temperatures between 22-25 °C to the target 

temperature. An average of at least 3 refined sPXRD patterns were considered at each target 

temperature. The inset graph plots the cell volume changes over the same temperature range.  

 
Table 5.7. Quantitative thermal expansion for TH-AUr10 determined by means of in-situ 

sPXRD. The values represent the percent change from the start of each experiment (starting 

temperatures between 22-25 °C) to the target temperature, where an average of at least 3 refined 

sPXRD patterns were considered at each target temperature. 

 27  °C 45 °C 50 °C 57 °C  
TH TH-AUr10 TH TH-AUr10# TH TH-AUr10 TH TH-AUr10 

a-axis 0.037(6) 0.031(7) 0.129(7)  
0.120(6) 
0.120(8) 0.156(6)  0.109(9) 0.172(6) 0.171(8) 

b-axis 0.022(7) 0.020(10) 0.061(8) 0.069(8) 
0.071(15) 0.071(7) 0.070(10) 0.080(7) 0.108(9) 

c-axis 0.004(4) 0.023(5) 0.100(5) 0.105(5) 
0.103(6) 0.119(4) 0.059(7) 0.127(4) 0.159(6) 

beta 0.028(5) 0.028(6) 0.124(6) 0.109(6) 
0.119(7) 0.151(5) 0.121(8) 0.161(5) 0.161(7) 

vol 0.06(3) 0.071(14) 0.27(3) 0.280(11) 
0.281(18) 0.33(3) 0.223(15) 0.36(3) 0.419(13) 

#  Two unique data sets to confirm reproducibility   
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 5.3.5 Rehydration of the Td1 lattice 

 We found that with increased fraction of AUr included in the hydrate precursor, the TH-

AUrx à Td1 reaction proceeds at a slower rate. With simpler reactions isolated in the TH-AUrx 

series relative to TH, we sought to investigate the reversibility of the conversion from the Td1 

lattice to the mixed hydrate precursor. Systematic sorption studies were performed to see what 

effect (if any) the AUr substitutions had on the water sorption process. In pure thymine system, 

we observed minimal, slow rehydration from Td1 to TH under constant, high relative humidity 

conditions (~75% RH) when monitored with sPXRD. The transformation of Td1 to Td2 is also 

favored under high RH conditions and occurs on a faster timescale.84 No rehydration was observed 

in the case of the Td2 structure.  

Each TH-AUrx lattice was first subjected to isothermal dehydration to the Td1 lattice. The 

dehydration reactions of TH-AUr5, TH-AUr10, TH-AUr15, and TH-AUr20 were performed at 35 °C 

(260 min), 50 °C (134 min), 55 °C (120 min), and 60 °C (120 min), respectively. The dehydration 

products were characterized with PXRD (Figure 5.17). Subsequent sorption experiments were 

performed where the rehydration process was monitored as a function of time at constant 

temperature (25 °C) and relative humidity (98% RH). In the sorption isotherms in Figure 5.16 the 

fraction rehydrated on a scale of 0 to 1. Products were characterized with PXRD (Figure 5.17).  

Upon fitting the experimental sorption data to the solid state reaction models in Table 2.1, 

reaction rate constants could be determined from the best-fit models. Results for those top models 

with correlation coefficient values of 0.99 or 0.999 and above are indicated in Table 5.7.  The rate 

rehydration rate for Td1-AUr5 was significantly slower than the other three mixed crystal 

compositions with higher AUr content. This is evident in the sorption isotherms in Figure 5.16 

and can be quantitated when comparing the rate constants (min-1) across the series in Table 5.7. 
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The rehydration rate is not significantly different in TH-AUr10, TH-AUr15, and TH-AUr20 mixed 

crystals. This echoes the results of the kinetic analysis of dehydration where we observed the most 

dramatic change in dehydration rate between TH-AUr5 and mixed crystal compositions with 

higher AUr content. This result suggests that there may be some threshold fraction of AUr 

substitutions that has the most dramatic impact on the kinetics associated with the solid form 

conversions. This is an important result that informs on mixed hydrate crystal design.  

 

 
Figure 5.16. Sorption behavior of TH-AUrx dehydration products. Sorption isotherms 

across the TH-AUrx series collected at constant temperature (25 °C) and relative humidity (98% 

RH). When fit to solid state reaction models, the rate constant (min-1) associated with the water 

uptake in the TH-AUr5 system is significantly slower than the conversion in TH-AUr10, TH-

AUr15, and TH-AUr20.   
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Figure 5.17. PXRD patterns for dehydration-rehydration cycle in TH-AUrx. PXRD 

patterns for TH-AUrx precursor series (A) dehydrated under isothermal heating conditions 

which favor the exclusive formation of the Td1 lattice and (B) rehydrated under isothermal (25 

°C) and high humidity (98%) conditions which favors the formation of the mixed hydrate 

precursor lattice. 
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Table 5.7. Rehydration kinetics in mixed thymine-AUr crystals. Average rate constant, k   

(min-1) ± SD of rehydration reactions in TH-AUrx series for the top reaction models (0.2 < 𝛼 < 

0.9). The R-squared values for all included models were 0.99 and above. Those models whose R-

squared values were 0.999 and above are indicated in bold/red.  

Starting 
hydrate 

Reaction model 
A2 A3 A4 P1 R2 R3 D1 R1 

TH-AUr5 0.039(3) 0.026(2) 0.020(13) 0.176(12) 0.022(15) 0.018(15) 0.031(2)  --- 
TH-AUr10 0.079(10) 0.054(7) 0.041(5) 0.362(47) 0.045(6) 0.036(5) 0.064(8) 0.056(7) 
TH-AUr15 0.073(6) 0.050(4) 0.038(3) 0.336(26) 0.042(3) 0.033(3) 0.059(5) 0.052(4) 
TH-AUr20 0.070(18) 0.048(12) 0.036(9) 0.323(84) 0.040(10) ---  ---  0.050(13) 

 

In exposing the TH-AUrx series to the sorption conditions at high RH (98%) we assumed 

the compositions of the regenerated hydrate lattices would be equivalent to the hydrated 

precursors. We heated the rehydrated TH-AUrx materials and obtained DSC thermograms in 

Figure 5.18. The Tmax values for the series were approximately 72.1, 83.1, 83.7, and 89.0 °C. 

While the second-cycle TH-AUr5 and TH-AUr10 samples dehydrated at 72.1 and 83.1, respectively 

which is similar to what was observed in the first dehydration cycle (Table 5.3). The second-cycle 

dehydration temperature for TH-AUr15 and TH-AUr20 with a Tmax of 83.7 and 89.0 °C, respectively 

were lower than the values recorded for the initial precursors (Table 5.3). Currently, it remains 

unclear if this variation is due to smaller crystallite sizes achieved on each cycle of dehydration or 

if this indicative of other structural differences between initial hydrate precursors and the 

rehydrated phases. Still, the reversibility of the reaction in the TH-AUr5 and TH-AUr10 samples 

confirm that it is possible to engineering hydrate interactions on the molecular level. 
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Figure 5.18. DSC thermograms for rehydrated TH-AUrx samples. Variable temperature 

DSC traces of rehydrated TH-AUrx mixed crystals when heated in hermetically sealed pans at 

5 °C/min. With 5, 10, 15, and 20 mol% of AUr in the precursor growth solutions, observed Tmax 

values were 72.1(4), 83.1, 83.7, and 89(4) °C, respectively. 

 
 5.4 Conclusion 

In summary, we have demonstrated how large gains in thermal stability can be realized in a 

channel hydrate by molecular-level engineering of mixed crystals with site-specific inclusions that 

subtly alter the local water environment.   Efforts to systematically replace 5 - 20% of the thymine 

molecules in the hydrate lattice with 5-aminouracil yielded isomorphous materials which exhibit 

significant increases in the thermal stability and dehydration temperatures up to 40° higher than 

the pure materials. Reaction kinetic studies and time-resolved synchrotron PXRD studies in 

combination allowed for a molecular-level understanding of how the 5-aminouracil inclusions alter 

the course of process-induced dehydration.  We believe our approach to tuning channel hydrate 

properties via molecular-level tuning of the local water environment is a powerful and potentially 

generalizable method that should be applicable to other hydrate systems to improve their thermal 
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stabilities.  In the context of polymorph discovery, this strategy also offers the opportunity to alter 

the structure and/or distribution of the anhydrous forms generated via process-induced dehydration 

methods. 
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  CHAPTER 6. STERIC PERTURBATION TO A CHANNEL HYDRATE: THE LIMITS 

OF ISOMORPHISMg 

 6.1 Introduction 

Of the molecular hydrates classified in Section 1.4, channel hydrates are often presumed to 

have low thermal stabilities with water molecules that can easily diffuse along the water channel.  

The structure and dehydration behaviors of a prototypical channel hydrate, thymine hydrate (TH) 

are detailed in Chapter 3 and Chapter 4. In Chapter 5, we established a lattice substitution 

approach whereby the introduction of site-specific lattice inclusions of 5-aminouracil in the TH 

lattice, we could effectively tune the properties of the hydrate. The subtle lattice substitutions 

introduced new opportunities for hydrogen bonding interactions and resulted in a dramatic 

expansion of the practical thermal stability range of the material. The mixed hydrate lattices 

contained up to ~18 mol% of AUr and remained isomorphous with TH. The work presented in the 

current Chapter was aimed at assessing the limits of this lattice substitution approach when the 

steric requirements of the secondary organic species to be included differ more significantly. 

Direct 1-for-1 replacement of a fraction of thymine molecules with uracil molecules was 

expected to increase the channel volume owing to the smaller size of a hydrogen atom (2.0 Å3)44 

relative to a methyl group (~23 Å3).44, 178  Direct 1-for-1 replacement of thymine molecules with 

5-ethyluracil (EUr) on the other hand, would place larger 5-ethyl (~40 Å3)44, 178 substituents in the 

5-methyl sites, with any excess substituent volume potentially extending into the water channels 

as needed.  Through this mixed hydrate approach, we hoped to better understand (a) the tolerance 

limits of the TH lattice for compositional variation with more diverse steric requirements and (b) 

 
 
gReproduced in part with permission from Crystal Growth and Design, Under review. Unpublished work copyright 
© 2021, American Chemical Society.  
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how subtle steric modifications made to the water channels affect the overall thermal stability of 

the hydrate.   

 
Figure 6.1. Molecular structures of thymine, uracil (Ur), and 5-ethyluracil (EUr). 

 
 6.2 Experimental details 

 6.2.1 Sample preparation and characterization 

Materials and crystal growth methods used in the preparation of TH and thymine-uracil 

and thymine-5-ethyluracil mixed crystals are noted in Section 2.1.2. We refer to the series of mixed 

crystals prepared in this work as TH-Urx, TH-EUrx, and T-EUrx where x is the mole percent of 

uracil or 5-ethyluracil in the growth solutions. Mixed crystals typically appeared in the 4 °C 

aqueous solutions within 12 hours with variable morphologies and dimensions depending on the 

type and amount of structural analog included in the growth solutions. In an effort to grow larger, 

higher-quality single-crystals TH-Urx samples were also grown from lower overall growth solution 

concentrations (2.5 mg/mL) and used for single-crystal x-ray diffraction experiments. Details for 

optical and hot stage microscopy, 1H NMR, and PXRD experiments can be found in Section 2.5, 

2.4.1, and 2.3.2, respectively.  

 
 6.2.2 Thermal analysis 

Dehydration reactions in TH, TH-Urx, TH-EUrx were characterized by means of variable-

temperature DSC and TGA (Section 2.2.1 and 2.2.2, respectively).  
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 6.2.3 Single-crystal x-ray diffraction 

The experimental (Section 2.3.1) and refinement details for mixed thymine-EUr and 

thymine-Ur crystal structures are discussed in Section 2.3.1.3 and 2.3.1.4, respectively. CCDC 

deposition numbers for thymine-EUr structures are 2085481-2085483. CCDC deposition numbers 

for thymine-Ur structures are 2085477-2085479. 

 
 6.3 Results and discussion  

The structure of thymine hydrate (TH) is thoroughly described in Chapter 3, however 

several relevant structural aspects are summarized for convenience herein. The structure of TH is 

shown in Figure 6.2. Thymine molecules assemble into 1-dimensional hydrogen bonded tapes 

which close-pack into extended π-stacks to create dense layers in the (010) plane.  The interface 

between the thymine layers has a comparatively lower molecular density, where linear channels 

created along the ± c-axis are occupied with water molecules. This stoichiometric channel hydrate 

has a maximum water occupancy of ~ 80%. The boundaries of the TH water channels are defined 

by the 5-methyl groups of thymine molecules and have a cross-sectional diameter of ~ 3.2 Å at the 

narrowest points. The confined water molecules within a given channel hydrogen bond to one 

another as well as to the O4 atoms of neighboring thymine molecules .   
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Figure 6.2. Molecular structure of thymine hydrate viewed down the 1-dimensional water 

channel (c-axis).   

 
The goal of this work was to assess how steric perturbations at the water channel surface 

affects the structure and dehydration properties of TH. Chemical modification to the narrow 

channels of TH must occur at the time of crystal assembly. Therefore, we set out to prepare two 

series of mixed crystal isomorphs wherein a secondary component, either uracil (Ur) or 5-

ethyluracil (EUr), would replace a fraction of thymine molecules in the lattice. The literature 

precedent for solid solution preparation was highlighted in Section 1.3.1. The seamless 

incorporation of a secondary organic component in the host lattice is related to many factors, one 

of which is the extent to which the substituting component disrupts the host framework.31, 37, 43-45 

Kitaigorodsky stressed the importance of size and shape similarity in criteria for component 

miscibility in mixed crystals.44-45  Ur substitutions in the TH lattice were seen as a way to subtly 

increase the available volume of the channels.  EUr substitutions were envisioned as a means to 
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subtly reduce the channel volume.  While the substitution of hetero-molecules with similar to 

slightly smaller sizes than the host is generally thought to be less disruptive to the lattice,31, 37, 42-45  

EUr inclusion was thought to be viable since it would not interrupt the hydrogen bonding and π 

stacking within the dense layers and the increased substituent size could potentially be offset by 

changes in the water occupancy within the channels.  Neither Ur or EUr are known to crystallize 

independently in a hydrated form.152   Assuming there was a practical limit in the mole fraction of 

the secondary component that could be included in the TH lattice, we examined conditions that 

would support Ur or EUr inclusion of up to a maximum of 20 mol%.  Efforts to create mixed 

thymine hydrate lattices with 5-20 mol % Ur or EUr are discussed in separate sections below. 

 
 6.3.1 Mixed crystals of thymine and uracil 

Supersaturated aqueous solutions (5 mg/ml) of thymine and 5-20 mol% uracil (Ur) were 

prepared in four different stoichiometric ratios.  When maintained at 4°C, all solutions crystallized 

within ~12 hours.  We refer to the mixed crystals as TH-Ur5, TH-Ur10, TH-Ur15 and TH-Ur20, 

where the subscript corresponds to the mole fraction of uracil in the growth solution.  Powder X-

ray diffraction (PXRD) patterns of the bulk material from each mixed solution composition had 

an identical pattern to that of TH (Figure 6.3a).  The absence of any additional diffraction lines in 

the PXRD, including those associated with anhydrous uracil,179 indicated the bulk material was 

phase-pure.   
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Figure 6.3. Experimental PXRD and proposed molecular representation of the TH-Urx 

series.  (A) Comparison of PXRD patterns of TH-Urx crystals grown from aqueous solutions 

with 5-20 mol% Ur against the actual and simulated PXRD patterns of TH and anhydrous uracil 

(URACIL). (B) Molecular representation of Ur (purple) inclusion in TH-Ur viewed down the 

water channel.  The water space was calculated using the Mercury Hydrate Analyzer tool using 

a probe radius of 1.0 Å.  

 
The average Ur concentration in material obtained from each solution composition was 

determined by solution 1H NMR of dissolved crystals based on the ratio of the integrated intensities 
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of the C6-H signal from thymine (d = 7.24, singlet) and Ur (d = 7.38, doublet). Representative 1H 

NMR data are included in Appendix B. Over the 5-20 mol% Ur solution range examined, there 

was an approximately linear relationship between the Ur concentration in the growth solution and 

in the resulting solid.  On average, this equated to inclusion of ~ 46% of the available Ur in 

solution.  TH-Ur5, TH-Ur10, TH-Ur15 and TH-Ur20 mixed crystals had average Ur concentrations 

of 2.5(5), 5.0(1.2), 6.15(8) and 8.8(5) mol%, respectively.  Notably, the inclusion for the TH-Urx 

series was much lower than TH-AUrx where ~85% available 5-aminouracil (AUr) in growth 

solutions was included in mixed TH-AUrx crystals (Chapter 5). A comparison of this XUr 

inclusion behavior is shown in Figure 6.4.  

 
Figure 6.4. Mixed TH-XUrx compositions as a function of AUr or Ur content in the growth 

solutions.  AUr (red) and Ur (black) content (mol%) was determined by means of 1H NMR in 

TH-XUrx crystals grown from aqueous solutions with 5- 20% XUr.    

 
Whereas pure TH crystallizes from aqueous solution as plates with large (010) faces and 

typical dimensions of 0.5 x 0.15 x 0.1 mm, the addition of Ur to the growth solution led to an 

overall reduction in the crystal size and a relative reduction in the growth rate along the ± b-axis 

(Figure 6.5) such that the plates were exceptionally thin.  Since the 5-methyl groups project from 

the (010) surfaces, it is reasonable that inclusion of Ur primarily affects the growth of these faces.  
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The very thin plate morphologies are consistent with what one expects based on tailor-made 

additive effects.180-181   

 

 
Figure 6.4. Representative micrographs of TH and the TH-Urx series. (a) TH, (b) TH-Ur5, 

(c) TH-Ur10, (d) TH-Ur15, (e) TH-Ur20.  All scale bars = 50 µm.  

 
Single crystal structures were determined for TH-Ur5, TH-Ur10 and TH-Ur15, although TH-

Ur15 required a synchrotron source due to the small size of the crystalline materials obtained (Table 

6.1).  In developing a structure model for each TH-Urx composition, the thymine:Ur ratio was 

fixed based on the component ratios determined by 1H NMR while the water molecule occupancies 

were allowed to freely refine.  In each case, the uracil molecules were assumed to include in the 

same orientation as the thymine molecules which they replace (Figure 6.3b) since this enables the 

hydrogen bonding motif to be conserved.  The diffraction data do not strictly rule out the possibility 

of whole molecule disorder where the C2=O and C4=O positions of the included Ur are reversed.  

However, a Ur molecule in this alternative orientation would weaken the hydrogen bonded tape 

since the positions of the N1-H and C5-H atoms would also be reversed.  While it does not appear 

that whole molecule disorder is actually present in TH-Urx, we acknowledge that this type of 
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disorder would be extremely difficult to identify given the low % of Ur in the lattice and the 

similarity in the electron densities of N1 and C5.   

 
Table 6.1. Crystallographic parameters for the TH-Urx series. Wherever possible, the 

occupancies of thymine and Ur components were fixed based on integrated 1H NMR data. Water 

occupancies were freely refined.  

System TH TH-Ur5 TH-Ur10 TH-Ur15a 

Formula C5H6N2O2 
∙0.84(H2O) 

0.98 C5H6N2O2 
0.02 C4H4N2O2 
∙	0.81(H2O) 

0.95 C5H6N2O2 
0.05 C4H4N2O2 
∙0.83(H2O) 

0.94 C5H6N2O2, 
0.06 C4H4N2O2 

∙0.80(H2O) 
Temperature (K) 100 100 100 100 

Space Group P21/c P21/c P21/c P21/c 
a (Å) 5.9979(5) 6.0065(12) 5.9899(6) 5.984(8) 
b (Å) 27.724(2) 27.750(5) 27.792(3) 27.82(4) 
c (Å) 3.7452(3) 3.7408(8) 3.7271(4) 3.724(5) 
𝛽 (°) 93.170(3) 93.107(6) 92.947(4) 93.227(12) 

vol (Å3) 621.82(9) 622.6(2) 619.63(11) 619.0(15) 
Z 4 4 4 4 

R-factor (%) 4.22 6.41 7.15 12.45 
Crystal Habit Plate Plate Thin Plate Thin Plate 

aData collected using synchrotron x-ray diffraction 
 

Refinement of the water occupancy in each of the TH-Urx single crystal diffraction data 

sets yielded water content comparable to pure TH.  However, thermogravimetric analysis (TGA) 

of the samples revealed a more complicated picture of both the water content and water loss.   The 

TGA weight loss curve of TH is sigmoidal but, as the Ur content in TH-Urx increases, the shape 

of the TGA curve changes as an increasing fraction of water loss occurs at lower temperatures 

before the final major water loss event (Figure 6.6 and Figure 6.7a).  We suspect that some water 

loss may also occur during sample preparation, despite efforts to collect thermograms as quickly 

as possible after the TH-Urx samples are harvested from the growth solution.  This means the water 
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content measured by the TGA curves of TH-Urx is likely lower than the actual value.  If one 

assumes that all compositions of TH-Urx have the same initial water stoichiometry, then increasing 

Ur content makes it easier for the majority of water loss to occur at lower temperatures compared 

to TH (Figure 6.7a). 

 

 
Figure 6.6. The wt% of the TH-Urx series measured as a function of temperature by means 

of TGA. For material grown from solutions containing 5, 10, 15 and 20 mol% uracil (A-D, 

respectively) the derivative method was used to determine when the greatest water loss occurs 

in TGA data. Weight losses decreasing from ~ 6.9(8) % in TH-Ur5 to 2.2(7) % in TH-Ur20 were 

obtained. However, these values do not account for water loss during sample preparation or at 

lower temperatures in the TGA run.   
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Figure 6.7. Variable-temperature TGA dehydration curves of TH-Urx series relative to 

TH and idealized cross-section of the TH-Urx water environment. (a) wt% of TH and TH-

Urx as a function of temperature when ramped from ~RT to temperatures ≥ 80 °C. (b) 

Schematic of a TH-Urx water channel. The included Ur molecule is shown in purple; water 

molecules in some sites (blue circles) are unaffected by the Ur, whereas other water sites 

(yellow circles) are altered. 

 
The random distribution of Ur substitutions in the crystal creates a variety of different local 

sites which water molecules can occupy.  The model in Figure 6.7b provides an idealized cross-

sectional view of a 1-dimensional water channel where one Ur molecule (purple) replaces a 

thymine molecule.  The water molecules at the substitution site (circled in yellow) experience a 

different local steric environment compared to water molecules occupying sites more distant from 

the inclusion site (circled in blue).  While cooperativity effects presumably also play a role here, 

the water mobilities in yellow and blue sites likely differ.  Water loss at Ur substitution sites 

appears more facile, since an increase in the number of these substitution sites results in a smaller 

fraction of water loss at final highest temperature.  We note that the DSC thermograms (Figure 

6.8, Table 6.2) show that the Tmax actually increases slightly with Ur concentration (Tmax (TH) = 
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54.4(7)° vs Tmax (TH-Ur20) = 66.2(9)°), suggesting that the final transformation to anhydrous 

material may be sensitive to other factors.  On the molecular-level, solid state dehydration is 

determined by a multitude of inter-related factors (e.g. diffusion rates along regular vs 

heterogeneous channels, cooperativity among water molecules) which are both difficult to 

rigorously assess and to decouple from the other events (e.g. mechanical collapse to an anhydrous 

lattice). 

 
Figure 6.8. Variable-temperature DSC thermograms of the TH-Urx series. Thermograms 

were collected on heating TH and TH-Urx samples at 5 °C/min in hermetically sealed pans.  An 

observable increase in Tmax is accompanied by increased Ur concentration in the mixed crystals. 

 
Table 6.2. Average Tmax values for TH and the TH-Urx series. The quantitative values were 

extracted on integration of the endothermic dehydration events observed in DSC thermograms for 

TH and the TH-Urx crystals.   

TH-Urx Average Tmax ± 95% CI °C 
 x = 0* x = 5 x = 10 x = 15 x = 20 

Tmax 54.4(7) 59.9(1.3) 62.6(1.8) 63(2) 66.2(9) 
*= value from DOI: 10.1021/acs.cgd.0c01210 
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 6.3.2 Mixed crystals of thymine and 5-ethyluracil 

Supersaturated aqueous solutions (5 mg/ml) of thymine and 5, 10, 15 and 20 mol% 5-

ethyluracil (EUr) were prepared and allowed to crystallize at 4°C. PXRD analysis of the bulk 

material resulting from each mixed composition showed that only the 5 mol% EUr solution had a 

pattern consistent with phase pure TH-EUr5 (Figure 6.9).  The 10 and 15 mol% EUr solutions 

showed diffraction lines corresponding to TH-EUrx as well as some other phase.  The 20 mol% 

EUr solution yielded exclusively this second phase, which proved to be an anhydrous mixed crystal 

of thymine and EUr, T-EUrx. As represented in the micrographs in Figure 6.10, the hydrated and 

neat mixed crystal forms had distinct morphologies. The TH-EUrx crystals shared a similar 

elongated plate morphology as TH.  

 

 
Figure 6.9. Comparison of PXRD patterns of bulk material grown from aqueous solutions 

with 5-20 mol% EUr. Data are compared against the simulated PXRD patterns of TH and the 

simulated structure of an anhydrous mixed crystal grown from 20 mol% EUr solution, T-EUr20. 
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Figure 6.10. Representative micrographs of TH and mixed thymine-EUr structures. (a) 

TH, and mixed crystals grown from solutions with thymine and (b) 5 mol % EUr, (c) 10 mol 

% EUr, (d) 15 mol % EUr and (e) 20 mol % EUr. All scale bars = 50 µm.  

 
X-ray diffraction of single crystals isolated from TH-EUr5 and TH-EUr10 batches proved 

to be isomorphous with TH (Table 6.3). 1H NMR analysis of the dissolved TH-EUr5 sample 

indicated 1.8(2) mol% of included EUr, or ~36% of that available in the growth solution.  This 

NMR ratio was used in the development of the TH-EUr5 structure model. Representative 1H NMR 

data are included in Appendix B. It should be noted that the thymine and 5-ethyluracil molecule 

occupancies were also allowed to freely refine during the single-crystal structure refinement of 

TH-EUr5. These molecules refined to values close to those determined using 1H NMR (98.59% 

and 1.41% of 5-methyl and 5-ethyl, respectively). Because the bulk sample from the 10% EUr 

solution was a phase mixture, the % EUr included in TH-EUr10 was determined based on the 

electron densities in the diffraction data rather than 1H NMR.  The optimized model yielded 1.3 

mol % EUr, which would mean inclusion of ~13% of the EUr initially present in the growth 

solution.  In both the TH-EUr5 and TH-EUr10 structures, the 5-ethyluracil was found to replace a 

thymine molecule in the expected 1-for-1 orientation.  Although the ethyl groups are 
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conformationally flexible, there was no evidence in the diffraction data that they are rotationally 

disordered at 100 K.      

 
Table 6.3. Crystallographic parameters for mixed thymine-EUr structures. Wherever 

possible, the occupancies of thymine and EUr components were fixed based on integrated 1H NMR 

data. Water occupancies were freely refined.  

System TH-EUr5 TH-EUr10 T-EUr20 

Formula 
0.982 C5H6N2O2 
0.018 C6H8N2O2 
∙ 0.82	(H2O) 

0.987 C5H6N2O2 
0.013 C6H8N2O2 
∙0.81	(H2O) 

0.77(C5H6N2O2), 
0.23(C6H8N2O) 

Temperature (K) 100 100 100 
Space Group P21/c P21/c C2/m 

a (Å) 5.9975(7) 6.0029(4) 6.543(7) 
b (Å) 27.771(3) 27.7732(17) 6.822(2) 
c (Å) 3.7413(5) 3.7353(2) 26.3385(12) 
𝛽 (°) 93.192(4) 93.187(2) 94.090(17) 

vol (Å3) 622.18(13) 621.79(7) 1172.5(13) 
Z 4 4 8 

R-factor (%) 5.18 4.62 8.46 
Crystal Habit Plate Plate Plate 

 

Refinement of the TH-EUr5 and TH-EUr10 water occupancies indicated in both cases ~0.8 

stoichiometry similar to TH.  For TH-EUr5 this is consistent with the weight loss observed from 

TGA (Figure 6.11).  The TGA weight loss observed from bulk material obtained from 10 and 15% 

EUr solutions was less, owing to the fact that the samples contain increasing amounts of the second 

anhydrous phase.  Notably, the TH-EUrx generated from the 5, 10 and 15% EUr solutions all 

exhibited the same sigmoidal dehydration profile as TH.  The 20% EUr solutions yielded only 

anhydrous material, so TGA showed no water loss. Differential scanning calorimetry experiments 

were performed in an effort to characterize the dehydration temperature of the mixed hydrate 

crystals (when present). Representative DSC thermograms for samples isolated from each growth 
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solution composition are shown in Figure 6.12. Although variable, the quantitative Tmax values 

for hydrated forms are the same or slightly lower than TH when monitored under the same heating 

conditions (Figure 6.12, Table 6.4). The presence of small amounts of EUr substitutions appears 

to only slightly impact the dehydration behavior of the host hydrate lattice, requiring slightly lower 

temperatures for complete dehydration reactions.   

  



 
 

154 

 
Figure 6.11. Variable-temperature TGA dehydration curves of mixed thymine-EUr 

structures relative to TH and molecular representation of the TH-EUrx series. (A) 

Thermogravimetric analysis of bulk material obtained from growth solutions containing 5-20 

mol% of EUr.  (B) Schematic representation of EUr (green) inclusion in TH-EUrx (x = 5, 10, 

15) viewed down the water channel.  The water space was calculated using the Mercury Hydrate 

Analyzer tool using a probe radius of 1.0 Å.   
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Figure 6.12. Variable-temperature DSC thermograms mixed thymine-EUr structures. 

Thermograms were collected on heating TH and mixed thymine-EUr samples at 5 °C/min in 

hermetically sealed pans.  

 
Table 6.4. Average Tmax values for mixed thymine-EUr structures. When possible, quantitative 

values were extracted on integration of the endothermic dehydration events observed in DSC 

thermograms for hydrated crystals.   

TH-EUrx and T-EUrx, Average Tmax ± 95% CI °C 
 x = 0* x = 5 x = 10 x = 15 x = 20 

Tmax 54.4(7) 46(2) 49(6) 48(7) N/A 
*= value from DOI: 10.1021/acs.cgd.0c01210 

 
 

The structure of the mixed anhydrous phase was determined from X-ray diffraction of 

single crystals isolated from bulk T-EUr20 (Figure 6.13).  1H NMR analysis of dissolved bulk T-

EUr20 indicated an average EUr content of 23.0(1.1)% (Appendix B).  T-EUr20 has an asymmetric 

unit consisting of two independent molecules and a C2/m unit cell with dimensions a = 6.543(7), 

b = 6.822(2), c = 26.3385(12), b = 94.090(17), and Vol = 1172.5(13).  Each molecular site was 

modeled with substitutional disorder fixed to match the 1H NMR ratios.  Whole molecule rotational 
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disorder was also evident at each site, with the O4 and C6-H positions (and N1-H and N3-H) 

exchanged.  Each diffraction line in the bulk material obtained from the 20 mol% EUr solution is 

accounted for by the simulated PXRD pattern (Figure 6.9).  Similarly, all of the diffraction lines 

in the bulk material obtained from the 10 and 15 mol% EUr solutions that do not correspond to 

TH-EUrx match to peaks in the simulated PXRD of T-EUr20. 

In most molecular crystal systems, this agreement in PXRD patterns would support an 

interpretation that the 20% EUr solution yielded phase pure material and a binary mixture of 

hydrate and anhydrate from the 10% and 15% solutions. However, given the demonstrated 

propensity for uracil derivatives to exhibit polytypism,152 and the remarkable similarity in the 

PXRD patterns of some 5-X-uracil polymorphs with polar and non-polar hydrogen bonded tape 

motifs,182,183 solutions which yield T-EUrx may also yield anhydrous polytypes and/or crystals 

with differing degrees of molecular order/disorder.  Addressing this open question would be 

challenging owing to the small crystal sizes obtained under these growth conditions.  Notably, T-

EUr20 is not an isomorph of the experimental 5-ethyluracil structure (refcode: BOLLIY) which has 

a well-ordered non-polar tape motif and a different arrangement of ethyl groups at the interface 

between the dense molecular layers (Figure 6.14).   
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Figure 6.13. Multiple views of the anhydrous T-EUr20 structure. (A) Asymmetric unit in T-

EUr20. Thermal ellipsoids are represented at 50% probability.  (B) Expanded view of the crystal 

packing in T-EUr20 viewed down the hydrogen bonded tapes which form along the b-axis.    
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T-EUr20 

 
5-ethyluracil (refcode: BOLLIY) 

 
Figure 6.14. Comparison of anhydrous T-EUr20 and 5-ethyluracil (BOLLIY). Two views 

of (top) T-EUr20 and (bottom) 5-ethyluracil (refcode BOLLIY) are presented.  The packing 

diagram on the left is viewed down the hydrogen bonded tape direction.  The view on the right 

is normal to the (001) plane with the hydrogen bonded tapes aligned vertically. Space-filling is 

used to better illustrate the differences in the packing of the 5-ethyl substituents.       
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 6.3.3 Packing density considerations 

In an attempt to rationalize the change from TH-EUrx to T-EUrx as the EUr concentration 

in the growth solution increased, we compared the packing coefficient and solvent-accessible void 

space in the two forms (Table 6.5).  The pure TH structure at 100 K has an estimated packing 

fraction of ~0.72, based on calculated packing fractions of models where the water occupancy was 

fixed at 100% or 0%.  This is within the typical 0.65-0.77 range for molecular crystals cited by 

Kitagorodsky.44   

Using the mixed crystal TH-EUr5 structure and ShelXle,184 a hypothetical model was 

created with an 5-ethyluracil in every organic site by deleting the thymine molecule from the 

original model.  As one would expect, this artificial structure with 100% EUr would have a higher 

estimated packing fraction ~ 0.76 assuming a water occupancy of 80%.  Although this still falls 

within the typical packing fraction range, EUr substitution proved to be not a particularly effective 

strategy for increasing the molecular density because only a small fraction of the available EUr in 

the growth solution was found to include in the TH lattice.  No doubt this is related to the fact that 

the mixed anhydrate phase T-EUr20 served as an unexpected alternative.  It is more complicated 

to accurately estimate the packing fraction of this phase given the molecular disorder.  However, 

hypothetical structures (without disorder) with 100% thymine or 100% EUr in the lattice have 

estimated packing fractions of 0.73 and 0.81, respectively.  A structure with 23% EUr content 

would have an estimated packing fraction of ~ 0.75, which is also more dense than the pure TH 

lattice.  As the EUr concentration in the growth solution increases, formation of the mixed 

anhydrate presumably offers a superior way to achieve higher density.    

A similar packing fraction analysis was performed on TH-Urx where Ur substitution was 

expected to lead to materials less dense than pure TH. Using the mixed TH-Ur5 structure and 
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shelXle, a hypothetical model was created with a uracil in every organic site.  This artificial 

structure with 100% uracil would have a packing fraction ~ 0.65, which would be on the low end 

of Kitagorodsky’s range.   

The solvent-accessible void space in the 100% 5-ethyluracil, 100% thymine and 100% 

uracil hydrate lattices was also calculated using Mercury software185 and the PLATON Squeeze 

tool186-187 (0.3 Å squeeze probe).  Once the water was removed, as expected the 100% uracil lattice 

showed the highest solvent accessible volume per unit cell (~258	Å3), followed by the 100% 

thymine lattice (~190	Å3) and the 100% 5-ethyl lattice (~154 Å3).  Yet despite the large theoretical 

changes in the water-accessible void space that could be achieved in the TH-EUrx and TH-Urx 

mixed crystals, the diffraction data suggested the water content does not substantially change 

across the various mixed crystal compositions. 

 
Table 6.5. Packing coefficient and void space assessment. Packing coefficient and solvent-

accessible void space were calculated using Mercury and the PLATON Squeeze tool, respectively. 

A probe radius = 0.3 Å was used for PLATON calculations.  

Theoretical Composition  Packing Coefficient Solvent-accessible volume (Å3)  
per unit cell 

TH (full water occupancy) 0.742 187 
TH (no water) 0.640 --- 

TH-EUr5, 100% EUr 
(full water occupancy) 0.778 154 

TH-EUr5, 100% EUr 
(no water) 0.699 --- 

T-EUr20, 100% Thymine 0.730 --- 
T-EUr20, 100% EUr 0.808 --- 
TH-Ur5, 100% Ur 

(full water occupancy) 0.650  258 

TH-Ur5, 100% Ur 
(no water) 0.546 --- 

 

 



 
 

161 

 6.4 Conclusion 

The work presented in this Chapter highlights the different inclusion behaviors of uracil 

and 5-ethyluracil in TH lattices and suggests that steric considerations can have a large effect on 

the ability to synthesize mixed crystal hydrates. Although both Ur and EUr have molecular 

structures that in principle allow for preservation of the dominant hydrogen bonding and π stacking 

interactions in the dense TH layers, the size of the functional group at the 5-X position creates a 

sensitive perturbation. These results inform on the limits of the lattice substitution strategy first 

presented in Chapter 5 and the design of solid solutions, in general. The higher inclusion tolerance 

for Ur than EUr in the TH lattice is consistent with the notion that it is easier to replace a host 

molecule with a structural mimic that has a slight smaller (vs slightly larger) volume, a premise 

that has been discussed in other literature.31, 37, 43-45  Nevertheless, the unexpected appearance of 

T-EUr20 highlights the general difficulty in predicting crystallization outcomes in mixed systems.  

It is not obvious how one could begin to rationally anticipate what (if any) alternative mixed crystal 

forms, such as T-EUr20, may result when secondary components with similar core structures but 

slightly different volumes are added to the growth solution.  
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 CHAPTER 7. ENGINEERING OF REVERSIBLE SORPTION BEHAVIOR IN A 

MOLECULAR HYDRATE WITH 5-HYDROXYURACIL SUBSTITUTIONS 

 7.1 Introduction 

The prevalence of molecular hydrates in the production of fine chemicals was outline in 

Section 1.4.51, 55, 58, 188-192  For hydrates that are susceptible to water loss, it is important to define 

the range of environmental conditions (i.e. temperature and relative humidity) over which the 

material will remain stable over its intended lifetime and dehydration is unlikely to occur.  While 

most strategies to avoid unwanted dehydration processes focus on controlling the external 

environment, in Chapters 5 and 6 we demonstrated the ability to expand the stability range of a 

hydrate through the rational and targeted creation of internal substitutions in the hydrate lattice.  

The prototypical channel hydrate used throughout this work is thymine hydrate, which has been 

the subject of number of previous computational57, 84, 152 and experimental80, 84, 151-152, 154 

investigations. Collectively these works confirm that TH slowly dehydrates under ambient 

conditions via a diffusion mechanism,154 and more quickly at elevated temperatures.  Water loss 

above a critical threshold results in the collapse of the hydrate lattice and the conversion to at least 

two major anhydrous crystalline forms.  We refer to the two most abundant dehydration products 

as Td1 and Td2.  Notably, both Td1 and Td2 are not directly obtained from solution growth and are 

accessible only via dehydration pathways. While it is possible to reversibly rehydrate a small 

fraction of Td1 under high relative humidity conditions this phase also quickly converts to Td2 

under these conditions. Td2 does not transform back to TH except via recrystallization in solution.  

With diffusion along the 1-dimensional channels as the preferred mechanism by which 

water loss occurs, we reasoned that local interactions between water molecules and the surfaces of 

the 1-dimensional channels they occupy are critical to TH’s thermal stability.  Since 5-methyl 
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groups define a large fraction of the channel surface area, replacing a fraction of these groups with 

more hydrophilic and/or hydrogen bonding functionalities offers the unique opportunity to tune 

the water channel chemistry. In Chapter 5, we demonstrated that growth from solutions containing 

up to 20 mol% 5-aminouracil yielded mixed crystals isomorphous with TH. High inclusion rates 

of the secondary component were observed (~ 85% of that available in solution) and across a range 

of compositions, single crystal x-ray diffraction indicated direct 1-for-1 substitution for thymine 

molecules in the TH lattice without any apparent molecular disorder.  Isomorphous mixed crystals 

with uracil and 5-ethylyuracil were also prepared in an effort to assess the effects of subtle changes 

in the available channel volume. This work is detailed in Chapter 6. Notably, the fraction of these 

molecules included in the TH lattice relative to the concentration in the growth solution was much 

lower than when the 5-X substituents were more similar in size. 

Owing to the similar volumes of methyl and hydroxyl substituents (~23 Å3 and ~13 Å3, 

respectively178), here we report on the synthesis and properties exhibited by mixed thymine hydrate 

crystals containing 5-hydroxyuracil (OUr) substitutions, TH-OUrx. Mixed TH-OUrx materials 

isomorphous with TH were prepared from growth solutions containing up to 20 mol% OUr, 

resulting in high uptake of the secondary component.  The introduction of OUr substitutions not 

only significantly expanded the thermal stability range of the material, but fundamentally changed 

the induced dehydration process.  Remarkably, TH-OUrx dehydration yields a different anhydrous 

product (compared to TH dehydration) which was found to spontaneously rehydrate under ambient 

conditions.  These results confirm that engineering molecular-level substitutional defects can be a 

very effective way to rationally tailor the properties in molecular solids.    
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Figure 7.1. Molecular structures of thymine and 5-hydroxyuracil (OUr). 

 
 7.2 Experimental details 

 7.2.1 Sample preparation and characterization 

Materials and crystal growth methods used in the preparation of TH and TH-OUrx mixed 

crystals are noted in Section 2.1.2. We refer to the series of mixed crystals prepared in this work 

as TH-Our5, TH-Our10, TH-Our15, and TH-Our20 where the subscript is the mole percent of 5-

hydroxyuracil in the growth solutions. Optically transparent crystals of pure TH and mixed TH-

OUrx typically appear within 12 hours.  TH single crystals grew as elongated (010) plates bounded 

by medium (110) or (011) faces, with typical dimensions of 0.5 x 0.15 x 0.1 mm.  Mixed TH-OUrx 

crystals grew with different morphologies and sizes depending on the concentration of OUr in 

solution. Details for optical microscopy, 1H NMR, and PXRD experiments can be found in Section 

2.5, 2.4.1, and 2.3.2, respectively.  

 
 7.2.2 Thermal and sorption analyses 

Dehydration reactions in TH and each TH-XUrx were characterized by means of variable-

temperature DSC and TGA (Section 2.2.1 and 2.2.2, respectively). Water sorption-desorption 

behaviors were monitored in TH-OUr20 as outlined in Section 2.2.3.  

 
 7.2.3 In-situ sPXRD 

The experimental details associated with the time-resolved sPXRD measurements are found 

in Section 2.3.2. In-situ dehydration reactions of TH-OUrx were monitored using sPXRD (𝜆 = 
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0.45256 Å) under isothermal heating conditions between 27 °C and 50 °C and temperature ramping 

conditions up to 150	°C. TH-OUr10 were isothermally heated at 27 (5.73 h), 45 (1.35 h) and 50 °C 

(0.85 h) or heated at 5 °C/min up to 120	°C. Isothermal dehydration at 50 °C (~0.62 h) was also 

performed using TH-OUr20 as the starting material. Image processing and integration was done 

with GSAS-II software193 with further sPXRD pattern refinement and analysis done with TOPAS-

V6.194  Rietveld refinements used the fundamental parameters approach. Starting structural models 

for Rietveld refinements were based on computational structures provided by Dr. Doris Braun.84 

Refined parameters included background terms (chebychev, 6 terms total), zero error, unit cell 

parameters, crystallite size and strain, and atomic positions (rigid body).  

 
 7.3 Results and discussion  

 7.3.1 Mixed crystals of thymine and 5-hydroxyuracil (TH-OUrx) 

TH-OUrx mixed crystals were prepared from supersaturated aqueous solutions (5 mg/mL) 

of thymine and four different stoichiometric ratios (between 5-20 mol%) of OUr.  Solutions 

maintained at 4°C crystallized within ~12 hours.  We refer to the mixed crystals as TH-OUr5, TH-

OUr10, TH-OUr15 and TH-OUr20, where the subscript corresponds to the mole fraction of OUr in 

the growth solution.  Each TH-OUrx was analyzed with a range of complementary methods 

including optical microscopy, powder X-ray diffraction (PXRD), NMR, and thermogravimetric 

analysis (TGA).  All characterization data was consistent with a phase pure material isomorphous 

with TH in which OUr molecules effectively substitute 1-for-1 for thymine molecules (Figure 

7.2a). 

PXRD of the bulk material from each mixed solution composition showed a pattern 

consistent with that of TH (Figure 7.2b).  No additional diffraction lines corresponding to 5-

hydroxyuracil (refcode: QARWAI)195 or anhydrous thymine were observed.  As the fraction of 
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OUr increased, the diffraction lines broadened.  This was most noticeable in the high angle region 

above 2ϴ ~ 25° in the TH-OUr15 and TH-OUr20 samples.  Microscopic inspection of TH-OUrx 

batches from each composition showed that crystallites had a plate-like morphology but were 

generally of lower quality than pure TH.  As the OUr concentration in the growth solution 

increased, the plates became both progressively smaller and thinner (Figure 7.3).  The changing 

aspect ratio is consistent with expected tailor-made additive effects, since the 5-methyl groups of 

thymine project from the dominant (010) faces of the TH plates.180-181 Similar morphological 

changes and peak broadening were previously noted in mixed crystals prepared with 5-

aminouracil. 

The average OUr occupancy in each of the TH-OUrx mixed crystal compositions was 

determined by solution 1H NMR of dissolved crystals, based on the ratio of the integrated intensity 

of the C6-H singlet of thymine (d = 7.24) and OUr (d = 6.83).  NMR data indicated an 

approximately linear relationship between the OUr concentration in the growth solution and in 

TH-OUrx, with ~ 70-75% of the available OUr included over the concentration range examined 

(Figure 7.2c).  TH-OUr5, TH-OUr10, TH-OUr15 and TH-OUr20 mixed crystals had average OUr 

concentrations of 3.5(8), 6.8(1.0), 11.4(3) and 15.3(7) mol%, respectively. Representative 1H 

NMR data are included in Appendix B. The water content in each of the four TH-OUrx 

compositions was determined with TGA.  In all cases, the mixed crystals had a % weight loss 

corresponding to a water content similar to pure TH.   
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Figure 7.2. Structural characterization of the TH-OUrx series. (A) Schematic of the 1-for-

1 substitution of 5-hydroxyuracil (blue) in the TH-OUrx lattice.  (B) PXRD patterns of TH-

OUrx crystals grown from aqueous solutions with 5-20 mol% OUr against the experimental and 

simulated PXRD patterns of TH. (C) Water and 5-hydroxyuracil content in bulk TH-OUrx 

grown from aqueous solutions with different OUr concentrations.   
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Figure 7.3. Representative micrographs of TH and mixed TH-OUrx structures. (a) TH, 

and mixed crystals grown from solutions with thymine and (b) 5 mol % OUr, (c) 10 mol % 

OUr, (d) 15 mol % OUr and (e) 20 mol % OUr. All scale bars = 50 µm. 

 
 7.3.2 OUr substitution effects on TH dehydration 

DSC and TGA were used in combination to assess the extent to which the OUr substitutions 

impact the thermal properties of TH-OUrx.  Previous work has shown that when pure TH is heated 

at 5.0 °C/min in hermetically sealed pans, dehydration occurs with a Tmax = 54.4 ± 0.7°C.84, 154  

When analyzed under the same experimental conditions, all TH-OUrx samples required 

significantly higher temperatures to effect dehydration.  Representative DSC traces for each 

composition are shown in Figure 7.4.  TH-OUr5, with the lowest OUr content (3.5(8) mol %) in 

the series, exhibited a Tmax = 61 ± 2 °C (± 95% CI) which is roughly 12% higher than TH.  

Increases in the OUr content in TH-OUr10 , TH-OUr15  and TH-OUr20 led to progressively higher 
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dehydration temperatures (Table 7.1). For TH-OUr20, with the highest OUr content (15.3(7) mol 

%), the endotherm occurred at Tmax = 76 ± 2 °C (± 95% CI), a ~ 40% increase relative to pure TH.   

The expanded thermal stability range in TH-OUrx must derive from the molecular-level 

engineering of 5-hydroxyl groups at the surfaces of the water channels which serve to increase the 

host…water interaction strengths.  This is analogous to the large thermal stability gains previously 

realized in materials with isomorphous lattices and 5-aminouracil substitutions (TH-AUrx series, 

Chapter 5). While the ~20 °C increase in the Tmax of TH to TH-OUr20 is significant, on an absolute 

concentration basis, OUr substitutions were actually somewhat less effective than 5-aminouracil 

at increasing the dehydration temperature.  However, the OUr substitutions introduced other 

remarkable changes to the dehydration process that were not observed in the TH-AUrx series. 

 

 

Figure 7.4. Variable-temperature DSC thermograms of the TH-OUrx series. DSC 

thermograms of TH and each TH-OUrx when heated in hermetically sealed pans at 5 °C/min. 

With 0, 5, 10, 15, and 20 mol% of OUr in the growth solutions, average Tmax values (± 95% 

CI) were 54.4(7), 61(2), 69.0(9), 73(2), and 76(2) °C, respectively. 
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Table 7.1. Average Tmax values for the TH-OUrx series. When possible, quantitative values were 

extracted on integration of the endothermic dehydration events observed in DSC thermograms for 

hydrated crystals.   

TH-OUrx, Average Tmax ± 95% CI °C 
 x = 0* x = 5 x = 10 x = 15 x = 20 

Tmax 54.4(7) 61(2) 69.0(9) 73(2) 76(2) 
*= value from DOI: 10.1021/acs.cgd.0c01210 

 
 

TGA experiments highlighted some of the unusual effects of OUr substitution on the 

dehydration process.  The representative weight loss curves in Figure 7.5 were generated by 

heating TH and TH-OUrx at 5 °C/min from room temperature to ≥ 80 °C.  When TH (blue line) 

was heated under these conditions, the weight changes due to water loss follow a sigmoidal curve 

(average wt% loss in TH = 9.4(4)%).  For each TH-OUrx composition, the TGA data suggested a 

multi-step dehydration process.  The boundaries that define the different steps depends on the 

included OUr concentration, however, in all mixed crystal compositions the first significant weight 

loss step was observed at temperatures below ~ 45°C.  This temperature is lower than that required 

to induce significant water loss from TH (54.4 °C).  The water loss at low temperature may be 

related, at least in part, to smaller particle sizes relative to TH.  Alternatively, it may be due to loss 

of non-crystalline surface water, though the consistency of the total wt loss % suggests that may 

be less likely.  In TH-OUr5, the region between 45 – 65 °C shows a steady and gradual weight loss,  

until at  ~ 65 °C where the steepest weight loss is observed.  The TGA curves for TH-OUr10, TH-

OUr15 and TH-OUr20, also show an initial weight loss below ~ 45°C, however, above this 

temperature weight loss occurs over a significantly wider temperature range.  The leveling out of 

the sample weight at the highest temperatures indicates the material is fully dehydrated at the end 

of each TGA run. This strikingly different multi-step dehydration behavior observed suggested 



 
 

172 

that the 5-hydroxyuracil substituents play a unique role in the water loss and structural 

rearrangements associated with dehydration.  A more detailed analysis of the corresponding 

structural changes in the lattice was needed to elucidate the process.  

 

Figure 7.5. Variable-temperature TGA dehydration curves of the TH-OUrx series. wt% of 

TH and TH-Urx as a function of temperature when ramped from ~RT to temperatures ≥ 80 °C.  

 
 7.3.3 Desorption-Sorption of TH-OUr20 

The changes in the shape of the TGA curves across the TH-OUrx series relative to pure TH 

(and other mixed crystal series) indicated that OUr substitutions have a unique impact on the 

dehydration process.  In an effort to understand how different regions within the heating range 

correlate with structural changes, TH-OUr20 was heated under TGA conditions to various 

temperatures and the samples were analyzed with PXRD.  All PXRD data were collected at room 

temperature under ambient conditions.  The TGA curves and associated PXRD data for a typical 

three-cycle experiment are shown in Figure 7.6.  TH-OUr20 was first heated to ~50 °C (green line), 

the highest temperature associated with the first region in the step-wise dehydration, then removed 

from the TGA and analyzed with PXRD.  The same sample was reheated (orange dotted line) to 
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~115 °C (the temperature at which no further weight loss is observed) and analyzed again with 

PXRD.  The same sample was reheated a third time to ~100 °C (red dashed line).   

The initial heating to 50 °C resulted in a weight loss of 4.2 wt%, roughly half of the 

theoretical weight loss of the material.  Once the heating stopped, after just ~10 minutes exposure 

to standard atmospheric conditions, the sample showed a weight gain of similar magnitude.  By 

the time PXRD data could be collected, the pattern was indistinguishable from the starting material 

(Figure 7.6b) thus confirming that the partially desolvated phase spontaneously resorbed water 

under standard RH conditions.  

Re-heating the same TH-OUr20 sample in the TGA yielded a dehydration curve with an 

essentially perfect overlap with the low temperature region through 50°C generated from the 

original heating cycle.  Continued heating to a final temperature of 115 °C yielded an ~9.6% weight 

loss which corresponds to the theoretical limit.  Once again, when the sample was removed from 

the TGA furnace and exposed to standard RH conditions, a weight gain of ~ 9.3% was observed.  

In the time needed to recollect the PXRD pattern most of the sample had again reverted back to 

the parent hydrate, though the presence of additional diffraction lines indicated the presence of at 

least one other phase.   
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Figure 7.6. Analyzing the multi-step TGA curves for TH-OUr20. (A) TGA curves and (B) 

PXRD data obtained from repeated heating the same TH-OUr20 sample at 5 °C/min.  The 

material was heated to ~50 °C (green) and examined with PXRD (green), reheated to ~115  °C 

(gold) and examined with PXRD (gold), then reheated one final time (red).  There is good 

overlap in the TGA curves.   

 
Interestingly, the additional diffraction lines in the PXRD data did not match Td1 or Td2, 

the two major products that result from dehydration of TH.  The major, low-angle peak has a 2-

theta position which matches a minor phase, Td*, which was observed only transiently in the 

dehydration of TH before quickly converting to one of the other two major anhydrous products.154  

Phase identification of this form was elusive owing to its metastability and the low number of 
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unique diffraction lines (Chapter 3).  The similarity in the PXRD line positions in the TH-OUr20 

dehydration product and Td* is likely not a coincidence.  It would appear that OUr substitutions 

in the hydrate lattice kinetically stabilize this or multiple crystallographic phases yet to be fully 

characterized experimentally.  

One of the more widely used classification systems for hygroscopic materials is found in 

the Handbook of Pharmaceutical Excipients196 proposed by Callahan and coworkers197. The 

sorption-desorption curves in Figure 7.7 were collected in an effort to quantitatively characterize 

the relative humidity dependence of moisture uptake in dehydrated TH-OUr20. Following an initial 

desorption at 0% RH, the product was exposed to variable relative humidity conditions from 0 to 

95% RH. Initial experiments (Figure 7.7a) involved a constant change in RH (0.2%/min) and 

therefore included no equilibration time. Significant moisture uptake was not observed until ~40% 

RH. At this point, sigmoidal sorption curves were observed with an approximate 9 wt% increase 

between ~40-65% RH. Following the established classification schemes, the dehydrated TH-

OUr20 sample may be considered a Class IV – Very Hygroscopic material,50 with moisture content 

that increases in RH conditions as low as 40%. In the case of pure TH, significant sorption was 

not observed when Braun and coworkers84 assessed moisture-uptake across several anhydrous 

forms over the same relative humidity range.  

In Figure 7.7a hysteresis was observed on desorption where water loss was triggered at 

~25% RH. It has been well-established that moisture sorption-desorption isotherms such as these 

reflect the kinetics of the form changes.50 Hysteresis is observed when the rates and/or pathways 

of rehydration and dehydration are different.50 In order to assess whether this hysteresis was a 

property of the material or a result of the experimental design, experiments such as that shown in 

Figure 7.7b were performed which incorporated equilibration conditions (wt% change < 0.01%) 
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at each RH step. Even with long equilibration times, similar sorption-desorption behaviors were 

observed where each event was triggered at ~40% and ~25% RH, respectively. These results 

supported the claim that the observed hysteresis is a property of the material, likely indicating that 

the rates and/or pathways of sorption/desorption are indeed different for dehydrated and hydrated 

forms of TH-OUr20, respectively. Further, the step-wise nature of the sorption curves shown in 

Figure 7.7b further support stoichiometric hydrate formation.50 This result was expected given 

that TH is characterized as a 0.83 stoichiometric hydrate. If, instead, the OUr substitutions had 

resulted in a hydrate lattice which tolerated variable water-host ratios, the sorption curves in 

Figure 7.7b would be continuous over the RH range.    
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Figure 7.7. Sorption-desorption isotherms for TH-OUr20. wt% as a function of RH for 

(black) a dehydrated sample of TH-OUr20 and (red) rehydrated sample of TH-OUr20. (a) 

Sorption-desorption cycles using continuous humidity ramping conditions (0.2% RH/min 

between 5-95% RH). (b)  Sorption-desorption cycles using equilibration criteria at each RH 

step (sample wt% changes < 0.01% ) over the RH range of 5-95%. 

 
 7.3.4 In-situ dehydration of TH-OUr10 and TH-OUr20 using sPXRD  

The fact that rehydration occurred at such low relative humidity values in Section 7.3.3 

left open the question of whether dehydration of TH-OUr20 primarily yields an isomorphous 

desolvate or if the hydrate lattice collapses and is regenerated upon rehydration. We turned to time-
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resolved synchrotron powder diffraction (sPXRD) analysis, since this method affords faster data 

collection times, high resolution, and environmental control. 

In Chapter 3 we used time-resolved sPXRD to monitor dehydration in TH and observed 

that in the early stages of water loss/transformation to Td1, the hydrate lattice undergoes a counter-

intuitive “morning stretch” type motion. During this brief window where the sPXRD patterns 

remain phase-pure TH, the motions indicate that 2D layers of thymine molecules initially increase 

their separation distance before collapsing to Td1. Typically for nonstoichiometric behavior, a 

hydrate lattice should be able to gain/lose lattice water over a specific RH range while maintaining 

the host framework.51 Although TH is a stoichiometric hydrate, these subtle lattice expansion 

results point to the possibility of some water loss occurring during channel expansion before 

crystallographic rearrangement. While evidence of a partially desolvated structure has yet to be 

realized, the sorption results in the previous section could indicate that OUr substitutions stabilize 

one or more partially desolvated phase(s).  

 In the instances when Td* formed as a minor dehydration product during in-situ TH 

dehydration sPXRD experiments,154 it typically formed alongside Td1 and underwent subsequent 

transformation to Td2 with higher temperatures. This evidence suggests Td* is likely topologically 

similar to TH and Td1 and might be an intermediate structure involved in the transformation of the 

hydrate to Td1. In a recent 2016 study, Braun and coworkers84 examined TH dehydration using a 

diverse array of experimental and computational efforts. The work revealed a crystallographic 

energy landscape in which several anhydrous forms of thymine were computationally predicted 

with similar lattice energies and/or topological similarity of known experimental phases. We hoped 

the high-resolution sPXRD data combined with the computed structures generously shared by Dr. 
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Doris Braun would aid in the phase identification of the phase(s) isolated during the dehydration 

of TH-OUrx mixed crystals.  

Variable temperature and isothermal sPXRD experiments were performed using TH-OUr10 

or TH-OUr20 samples as starting materials. When exposed to isothermal heating conditions at 27, 

45, or 50 °C, a sample of TH-OUr10 dehydrated to phase mixtures of Td1 and unknown phase(s) 

likely including the kinetically trapped Td* phase. The diffraction patterns of the starting material 

and products for each of these sPXRD experiments are included in Figure 7.8. When exposed to 

variable temperature heating (5 °C/min) to a final temperature of 120 °C, a more complex phase 

mixture is realized. It’s likely that Td2 or a phase not yet experimentally characterized (Figure 7.8) 

is present in this product mixture since we know this phase is favored at high temperatures in the 

dehydration of TH.   

 

 

 



 
 

180 

 
Figure 7.8. sPXRD patterns for TH-OUr10 dehydration experiments. Isothermal (27, 45, 

50 °C) and variable temperature (25-120 °C) dehydration experiments were performed using 

TH-OUr10 as the starting material in each case. The diffraction patterns for initial and final 

product materials were collected at ~RT and are shown relative to TH, Td1 and Td2.  

 
When a sample of TH-OUr20 precursor was held isothermally at 50 °C, the product sPXRD 

pattern in Figure 7.9 was isolated. In this case, Td1 is not the major phase, contributing only as a 

minor dehydration product. The low-angle diffraction peak at Q ~ 0.5 Å is likely associated to at 

least one unknown phase, Td*. Overall, the precursor and product sPXRD patterns for this 

experiment contained broad, low-resolution diffraction lines. This was especially true in the 

product pattern, making accurate indexing and structure solution difficult.  
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Figure 7.9. Relevant sPXRD patterns in the isothermal dehydration of TH-OUr20. The 

experimental powder pattern of (blue) the hydrated and (green) the dehydrated material is 

shown relative to TH, Td1 and Td2.  

 
Starting models using computational structures shared by Dr. Doris Braun greatly aided in 

arriving at possible structural parameters. In this case, we worked under the assumption that only 

one phase, Td*, was formed as the major dehydration product in this experiment. Several 

computational unit cells and structures were chosen as possible candidates and fit to the 

experimental data based on either topological similarity to Td1 or the position on the crystal energy 

landscape.84 Topological similarity of Td* to Td1 was considered possible given our previous 

report of the minor formation of Td* alongside Td1 under low isothermal heating conditions of 

TH. However, given the preliminary hysteresis observed in Figure 7.7 on sorption and subsequent 

desorption, distinctly different pathways and therefore starting structures for these processes 

should be considered. Therefore, the list of candidate computational structures also included those 

in favorable positions on the crystal energy landscape. The computational structures in order of 

increasing Elatt (kJ/mol) assessed for similarity to the experimental pattern were 1_1727, 12_790, 
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27_119, and 53_112. The simulated PXRD patterns for each of these phases are shown in Figure 

7.10 relative to the experimental product pattern.  

 

 
Figure 7.10. Product sPXRD pattern of isothermal dehydration of TH-OUr20 relative to 

other crystallographic phases of thymine. The experimental powder pattern is shown relative 

to experimentally observed crystallographic phases of thymine (TH, Td1 and Td2) as well as 

computational anhydrous forms provided by Dr. Doris Braun. These include the global 

minimum (GM) anhydrous structure, 12_790, the isostructural desolvate of TH, 27_119, and 

53_112.  

 
Though not a perfect for the data, the structural model, 27_119, was the most favorable 

model with improvements observed by adding a preferred orientation (010) flag in the refinement 

parameters. The difference curves for the Rietveld refinements using this structural model are 

shown in Figure 7.11. This structure is topologically similar to Td1, with minor difference in the 

angle between adjacent hydrogen bonded tapes of thymine molecules (153.7° and 119.2° for 
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27_119 and Td1, respectively).84 Though 27_119 may indeed be present as a dehydration product 

of TH-OUr20, none of the structural models fit the experimental data perfectly. This is likely 

complicated by preferred orientation and/or the presence of multiple dehydration phases.  
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Figure 7.11. Rietveld plots for the isothermal dehydration product of TH-OUr20 using a 

computational structure as the starting model. Rietveld difference curves generated using a 

computational structure (27_119) provided by Dr. Doris Braun as the starting model in each 

case. Refined parameters included crystallite size/strain as well as (A) cell parameters, (B) cell 

parameters and atomic positions (rigid body), and (C) cell parameters, atomic positions, and 

PO model (010). Similar background components (refined, then fixed at the same values for all 

fits) were used in each case. Rwp values were (A) 21.1%, (B) 16.1% and (C) 10.4%. The 

similarity between the refined structures in (B) and (C) and the computed structure, 27,119 was 

assessed using Mercury’s similarity tool using the default settings. In (B) 15/15 molecules 

matched, whereas in (C) 11/15 molecules matched. 
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Further investigations are required to clarify the structure of the product(s) observed in the 

dehydration of TH-OUrx samples. However, even without this structural information, it is clear 

the OUr substitutions in TH-OUr20 allow us to access new crystallographic phase(s) which undergo 

fast rehydration back to the parent mixed hydrate precursor in ambient RH conditions.   

 
 7.4 Conclusion 

In this work, we prepared a new mixed hydrate series, TH-OUrx by engineering site-

specific lattice substitutions of 5-hydroxyuracil molecules in the host thymine hydrate lattice. The 

TH-OUrx crystals were isomorphous with TH and contained 70-75% of the OUr present in the 

growth solution. The inclusion process was only slightly less efficient and more disruptive than 

the previously reported Chapter 5 for the TH-AUrx series. The OUr substitutions enhanced the 

thermal stability range of the hydrate, where a maximum dehydration temperature of 76(2) °C was 

reached in the case of TH-OUr20. With slightly lower overall inclusion of this XUr in the host 

lattice than the TH-AUrx series, it was unsurprising that these substitutions had a less dramatic 

effect on the dehydration temperatures as the AUr molecules. In further assessing the effects of 

OUr substitutions on the dehydration behaviors of the hydrate, we observed distinct, multi-step 

TGA curves across the TH-OUrx series involving the formation of multiple dehydration products 

including contributions from new crystallographic phase(s) of thymine. While the structural 

characterization of these crystallographic phase(s) remains an elusive task, we commented on the 

striking hygroscopicity of the material, often absorbing both bulk surface water and lattice water 

on rehydration to the parent hydrate lattice even at ambient RH ranges.  
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 CHAPTER 8. THE CRYSTAL STRUCTURE OF 5-AMINOURACIL AND THE 

AMBIGUITY OF ALTERNATIVE POLYMORPHSh 

 8.1 Introduction 

The structure and information transfer processes in DNA and RNA polynucleotides are 

intimately dependent on the hydrogen bonding between complementary nucleobases.  When 

incorporated into oligonucleotides, nucleobase derivatives can provide key insights into the 

chemical interactions that stabilize (or destabilize) higher order nucleic acid assemblies.  One such 

derivative is 5-aminouracil (AUr) shown in Figure 8.1.  In triplex-DNA assemblies, binding of a 

third DNA oligonucleotide strand in the major groove typically requires an available purine 

(guanine or adenine),198 since these units have sites available to facilitate hydrogen bonding.  With 

its 5-amino group, AUr was the first pyrimidine derivative shown to recognize all four DNA 

nucleobases (guanine, adenine, thymine, cytosine), and thereby provide additional stabilization for 

triple helical 199-202 and potentially quadruplex DNA assemblies.203  The biological activity of AUr 

has also been demonstrated in other contexts204-205 as has its use as a reagent in the synthesis of 

other heterocycles.206 

Despite the significant biological and theoretical interest in this compound, no 

experimental crystal structure of AUr has yet been reported, in part due to its propensity to deposit 

as microcrystalline aggregates.  Price and coworkers152, 182 previously computed the crystal 

structure energy landscapes for many 5-substituted uracil molecules including AUr and identified 

a number of common hydrogen bonding motifs across the series including polar and non-polar 

ribbons, sheets and 3-dimensional network assemblies.  However, the crystal energy landscape of 

 
 
hReproduced in part with permission from The Israel Journal of Chemistry, under review. Unpublished work copyright 
© 2021, Wiley-VCH GmbH, Weinheim. 
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AUr presented a particular challenge in the series, since the relative lattice energies were very 

sensitive to the hybridization geometry of the 5-amino group.  The low planarization barrier for 

amino groups is generally known to complicate the application of molecular ab initio methods to 

nucleic acid bases.207  

In Chapter 5, the nucleobase derivative, 5-aminouracil (AUr) was used as a substituting, 

hetero-molecule in mixed hydrate lattices. These substitutions provided tailored structure-property 

control. We hypothesized that the effects of AUr substitutions were directly related to the 

functionality of the 5-amino group and the hydrogen bonding interactions this group affords. In 

this Chapter, we revisited the crystallization of AUr to establish structural insights related to the 

5-amino functionality. Consistent with previous reports, large single crystals of AUr were quite 

difficult to grow, however, single crystal synchrotron x-ray diffraction enabled the first structure 

solution of this compound.  The structure obtained was among those previously computed, though 

the corresponding computed structure was > 10 kJ mol-1 higher than the global minimum and 

therefore not considered experimentally feasible.152 The experimental geometry now available 

provided motivation to revise the estimated lattice energies.  Powder X-ray diffraction on the bulk 

precipitated material and Raman spectroscopy on individual crystalline aggregates indicate that 

small quantities of at least one other polymorph may be present, which is consistent with 

thermodynamic plausibility of related computer-generated crystal structures.   

 
Figure 8.1. Molecular structure of 5-aminouracil in its most stable tautomeric form.  
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8.2 Experimental details 

8.2.1 Sample preparation and characterization 

Materials and crystal growth methods used in the preparation of 5-aminouracil samples are 

noted in Section 2.1.3. Optical and hot stage microscopy as well as PXRD experimental details 

can be found in Section 2.5 and 2.3.2, respectively.  

 
8.2.2 Thermal analysis 

The thermal properties of AUr samples obtained from various methods were determined 

using DSC (Section 2.2.1). Experiments were performed using 0.5-5.0 mg of as-grown material 

in hermetically sealed aluminum pans at a heating rate of 5.0 °C/min from 25-390 °C.   

 
8.2.3 X-ray diffraction 

PXRD data were collected at room temperature using a DUO Apex X-ray diffractometer 

and analyzed as detailed in Section 2.3.2. The experimental and refinement details for AUr single-

crystal XRD experiments can be found in Sections 2.3.1 and 2.3.1.5, respectively. CCDC 

deposition number: 2091811.  

 
8.2.4 Raman spectroscopy 

The experimental details associated with Raman experiments can be found in Section  

2.4.2. Polycrystalline AUr samples grown from aqueous solution were utilized for Raman 

experiments.  

 
8.2.5 Computation 

CSP structures were used as starting points for the periodic DFT-D structure optimizations 

with CASTEP208 ver. 19.1.  These calculations used the PBE functional with the Tkatchenko-
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Scheffler dispersion correction,209 for the potential energy surface, with the ultrasoft 

pseudopotential.208  Using a plane wave cutoff of 800 eV, a k-point grid spacing of 0.10 Å-1, and 

a fine grid-scale of 4.0, all structures were optimized to a force tolerance of 0.001 eV/Å. Single-

point energy calculations were then performed on the PBE-TS structures using the range-separated 

multi-body dispersion correction (MBD*).210 

 
 8.3 Results and discussion  

 8.3.1 AUr growth and structure determination  

In revisiting the crystallization of AUr using slow-evaporation methods from a variety of 

solvents and solvent-free sublimation methods, we again found that microcrystalline aggregates 

formed under essentially all conditions (Figure 8.2a).  The largest microcrystals were obtained 

from 1:1 acetonitrile:water and aqueous solutions, though smaller individual crystals could be 

obtained from sublimation.  The bulk material obtained under these various conditions had a 

similar powder X-ray diffraction pattern, though some low intensity diffraction lines were present 

in some patterns but absent in others (Figure 8.2b).  Heating under DSC conditions showed no 

thermal events below 300°C (Figure 8.3). 
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Figure 8.2. Representative micrographs and associated PXRD patterns. Micrographs of 

AUr crystals grown from slow evaporation of 1:1 acetonitrile:water and water, and via 

sublimation.  Scale bar = 100 µm (solution grown crystals) and scale bar = 10 µm (sublimation).  

(B) Room temperature PXRD patterns of AUr. (grey) Commercial material; Material obtained 

by slow evaporation from (blue) water, (red) 1:1 chloroform:water, (purple) 1:1 methanol:water 

and (green) 1:1 acetonitrile:water; (orange) Material obtained by sublimation.  (black) Pattern 

simulated from the Pna21 single crystal structure determined from synchrotron data.  Black 

asterisks indicate low intensity diffraction lines that do not appear in the simulated pattern 
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Figure 8.3. DSC thermograms of AUr samples isolated from various growth conditions. 

Thermograms: (black) unprocessed commercial material from Sigma Aldrich, (orange) 

colorless needles isolated from sublimation, (blue) polycrystalline film isolated from 

sublimation experiments, and material obtained from slow evaporation of (green) 

acetonitrile:water, (purple) methanol:water and (red) chloroform:water.  The data show no 

thermal transitions below 300 °C.  

 
Synchrotron diffraction data collected on AUr single crystals obtained from both 1:1 

acetonitrile:water and sublimation enabled structure determination.  Both data sets yielded the 

same Pna21 structure.  The better of the two data sets refined to a cell with a = 23.105(7), b = 

3.6041(11), c = 5.8384(18) Å and vol = 486.2(3) Å3 and a Rw = 6.06%.  The other had similar cell 

parameters and a slightly higher Rw = 6.99% (Table 8.1).  There was no evidence of molecular 

disorder in either data set, and the quality of the data was sufficient to determine the H atom 

positions of the 5-amino group based on electron densities in the difference maps.  Two views of 

the structure are shown in Figure 8.4.  AUr molecules assemble into 1-dimensional polar hydrogen 

bonded ribbons formed from N1-H…O2 and O2…H-N3 (blue dashed lines).  Face to face π 
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stacking of parallel ribbons along the b-axis creates dense polar layers in the (100) plane.  When 

viewed down the a-axis, the ribbon directions in adjacent planes are shown to criss-cross at an 

angle of approximately 63°. Adjacent layers are connected by hydrogen bonds between N5-H…O4 

(black dashed lines).  Since the ribbon direction alternates between [011] and [01-1] in adjacent 

layers, any individual ribbon hydrogen bonds to ribbons in the adjacent layers above and below.   

 
Table 8.1. Crystallographic parameters for experimental single-crystal structures of AUr. 

The two AUr structures were determined from single-crystal synchrotron diffraction data. 

Conditions Sublimation 50:50 ACN:water  
Formula C4H5N3O2 C4H5N3O2 

Temperature 
(K) 100 100 

Space Group Pna21 Pna21 
a (Å) 23.129(9) 23.105(7) 
b (Å) 3.5981(15) 3.6041(11) 
c (Å) 5.849(2) 5.8384(18) 

vol (Å3) 486.7(3) 486.2(3) 
Z 4 4 

R-factor (%) 6.99 6.06 
Crystal Habit Plate Plate 
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Figure 8.4. Multiple views of the crystal structure of AUr. (top) View down the b-axis shows 

the polar hydrogen bonded ribbon motif.  Hydrogen bonds within each ribbon are shown in 

blue. Hydrogen bonds between ribbons in adjacent (100) layers are in black. (bottom) View 

down the a-axis shows how ribbons align in parallel to create dense (100) layers with face-face 

π stacks along the b-axis.  The ribbon orientation in adjacent planes alternates (green solid 

outline and green dashed outline), creating a criss-cross pattern and a net dipole along the c-

axis.  
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Since the H atoms of the 5-amino group could be located in the difference maps, the 

diffraction data provides experimental evidence for a slightly non-planar AUr geometry and for 

the existence of a weak intramolecular hydrogen bond between the 5-amino group and the adjacent 

carbonyl moiety.  The C5-N5 bond length (1.407 Å) is on the shorter end of what one expects for 

a pure sp3 hybridized primary amine,211 potentially indicating that the bond has some sp2 character.  

Previous computational studies suggested a weak intramolecular hydrogen bond may be 

present,152, 212-215 which would force the 5-amino group to rotate out of the plane as well as create 

a small non-planarity in the ring.  The C4-C5-N5-Hx torsion angle in the experimental structure (-

29.17°) is much larger than the angle predicted by ab initio methods on the isolated molecule 

(14.6°212 - 17.4°152).  Similarly the C4-C5-N-Hy torsion angle in the experimental structure (-

177.85°) is also much larger than the calculated geometry (144.5°212 - 143.1°152).  Confirmation of 

this intramolecular hydrogen bonding is notable because it suggests the O4 position has a reduced 

proton affinity relative to uracil.213-214  Given the observed geometry of the 5-amino group in the 

100K structure, and the high-amplitude, low frequency mode for NH2 pyramidalization in 

crystalline urea,216 it seems possible that the experimental structure reflects an average over 

significant dynamic variation in the amine geometry.  Though it was not possible to collect single 

crystal synchrotron data at multiple temperatures, such an experiment could reveal some 

interesting albeit subtle structural changes. 

 
 8.3.2 Computational confirmation of structure and relative energies  

We set out to determine which of the previously computed structures corresponded to the 

experimentally determined form.  In the 2008 Crystal Structure Prediction (CSP) study152 the 

computed fc35 structure was suggested as the best match to the experimental powder patterns in 

part based on the fact that it was one of the few ribbon structures within 5 kJ mol-1 of the estimated 
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global minimum.  Notably, the 2008 PXRD data and those obtained in the current study are not 

significantly different after accounting for the different radiation wavelength and other 

experimental details.  The Similarity feature in Mercury185 was used to compare the experimental 

structure against the entire set of previously computed AUr structures stored in the CPOSS 

database.  Only one computed structure, au26 (RMSD15 = 0.302Å), was found to have a 15 out of 

15 molecule match when the default overlay settings were used.  The next closest matches had 

only 11 out of 15 overlapping molecules.  Typically, these structures showed a common layer 

structure with a symmetric ribbon motif, though one shared the common amino…carbonyl 

hydrogen bonding interface.  

In the original CSP calculations which assumed a more pyramidal NH2 geometry, the au26 

structure was > 10 kJ mol-1 higher than the global minima, making it too high to be considered an 

experimentally feasible structure.  With the development of periodic density functional methods 

which could optimize both the cell parameters and atomic coordinates217-218 (unlike the original 

study which used rigid molecular geometries), it was possible to re-assess the relative energy of 

au26 and other select low energy computer-generated crystal structures.  We considered the 

original global minimum structure (am91) as well as structures which also had a ribbon motif and 

a calculated energy within 5 kJ mol-1 (fc35 and bd74).  To identify other CSP generated structures 

that warranted reconsideration, the simulated PXRD pattern of each computed form was compared 

to the experimental synchrotron data using an established method based on Fidel.219  The 

comparison yielded 3 additional structures with a reasonable score (bh14, fa95 and aj44).  Bh14 

has the same polar symmetric ribbon and the same face-to-face ribbon stacking as the experimental 

structure, while fa95 and aj44 have a non-polar hydrogen-bonded ribbon motif.  A feature182 of 

many 5-substitued uracils is the remarkable similarity in the PXRD patterns of polymorphs with 
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polar and non-polar hydrogen bonded ribbon motifs. Packing diagrams of all alternative CSP 

polymorphs considered are shown in Figure 8.5.   
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Figure 8.5. Packing diagrams of alternative AUr crystal structures considered in this work. 

Each structure is viewed along two different crystallographic axes. Polar (solid green) and non-

polar (dashed green) ribbons are indicated. 
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The selected CSP generated structures were then optimized by periodic electronic structure 

methods. After PBE-TS optimization, the au26 structure was an even closer match to the 

experimental Pna21 structure (RMSD30 = 0.196 Å RMSD15= 0.150 Å).  Curiously, the simulated 

PXRD pattern from this PBE optimized structure led to considerable shifts in the 2𝜃 positions of 

some peaks, especially those with values for 2𝜃 > 20⁰ (Figure 8.6, middle).  The nominally 0 K 

static computed model actually has a larger cell volume than that observed at 100 K (492.66 vs 

486.18 Å3), and the magnitude of the differences in cell dimensions differs across the three 

principle axes such that the shifts from experimental positions vary with (h,k,l) distance.  Re-

optimization of the au26 structure with cell parameters fixed to match those in the 100K Pna21 

structure shifted the diffraction line positions and the intensities into close agreement with the 

pattern simulated from the experimental structure (Figure 8.6, top).  The au26 structure is clearly 

the best match to the experimental form, though the temperature-dependent shifts in the PXRD 

patterns serve to illustrate one of the special challenges that can arise when attempting to match 0 

K computed and 100 K – 298 K experimental PXRD patterns, particularly for crystals which may 

have highly anisotropic thermal expansion.220 
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Figure 8.6. PXRD pattern comparison of experimental structure and two iterations of the 

closest computational match, au26. PXRD patterns simulated from the 100K experimental 

Pna21 structure (bottom), compared against the PBE-TS optimized structure au26 (middle), and 

the lattice energy minimum when the unit cell is fixed at the experimental geometry. 

 
When the PBE-TS optimized energies of the 7 other most likely low energy structures were 

considered against au26, there was a significant change in the relative energy ranking (Figure 8.7, 

Table 8.2).  Single-point lattice energies calculated with the alternative MBD* dispersion 

correction altered the absolute PBE-TS energies slightly but did not change their relative ranking, 

supporting the assumption that the adaption of the amine geometry to the crystal packing was the 

main cause of the energy reranking.  However, the PBE functional, which was the best that could 

be used, is known to suffer from delocalization error.221 This affects the modelling of the N atom 

conformation and stability of polymorphs of 5-methyl-2-[(2-nitrophenyl)-amino]-3-

thiophenecarbonitrile (ROY)222 and dimethylamino-nitrochalcone223 so our calculations are likely 

to have inaccurate amine geometries as well as cell volumes (Figure 8.8).  The experimental au26 

structure was only slightly (less than 1.2 kJ mol-1 Figure 8.7, Table 8.2) higher in energy than 
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bd74 (which has the same layer structure and polar ribbons) and fc35 (which has non-polar 

ribbons).  The smaller energy differences between au26 and other low energy structures are 

unquestionably more reliable than the rigid-molecule estimates in 2008, and are now consistent 

with au26 being the experimental structure.  However, we note that the optimized computed 

structures do not include temperature or zero-point energy effects, which could further affect the 

relative energies. 
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Figure 8.7. Relative lattice energy of selected CSP structures. The original CSP lattice 

energy calculated using the gas phase optimized molecular conformation is compared to the 

lattice energy of the structures optimized at the PBE-TS level and a single-point lattice energy 

with the alternative MBD* dispersion correction. 
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Table 8.2. Crystallographic details, density, and lattice energies for selected PBE-TS 

optimized structures. The experimentally determined unit cell is given in bold, with the PBE-TS 

optimized cell underneath in parentheses. 

 
Label S.G. Z A  b c 𝜶	(°) 𝜷	(°) 𝜸	(°) 

Density 

(g cm-3) 

Rel. L.E. 

(kJ mol-1) 
Motif 

expt Pna21 4 
23.105 

(23.1928) 

3.6041 

(3.7396) 

5.8384 

(5.6786) 

90 

(90) 

90 

(90) 

90 

(90) 

 

(1.7141) 
0.0 

Criss-cross, polar 

symmetric ribbon 

au26 Pna21 4 23.1894 3.7420 5.6775 90 90 90 1.7136 -0.00 
Criss-cross, polar 

symmetric ribbon 

fc35 P21/c 4 5.7613 3.7513 23.3863 90 80.11 90 1.6955 -1.24 
Criss-cross, non-polar 

symmetric ribbon 

bd74 Pna21 4 23.0798 5.7729 3.7407 90 90 90 1.6939 -0.96 
Criss-cross, polar 

symmetric ribbon 

bh14 Pna21 4 23.7113 3.6731 5.7463 90 90 90 1.6869 6.45 
Criss-cross, polar 

symmetric ribbon 

fa95 P21 4 3.6091 22.8664 6.0261 90 90.97 90 1.6978 6.14 
Planar sheets, non-

polar symmetric ribbon 

aj44 P2/c 4 9.7090 6.8491 7.6797 90 96.36 90 1.6634 14.28 

Planar sheets, non-

polar symmetric 

ribbons 

am91 P21/c 4 4.1147 9.3830 13.315 90 101.03 90 1.6736 8.19 Dimers, 3-D 
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Figure 8.8. Molecule and lattice overlays of the original computed au26 structure and the 

experimental AUr structure. (top) The H atom positions of the 5-amino group in the 

computed structure are shown in green. (bottom) The lattices of au26 (in green) and the 

experimental structure have very close overlap. 

 
 8.3.3 Are there other identifiable polymorphs of AUr in the bulk samples? 

Comparison of the simulated PXRD pattern generated from the .cif file accounted for all 

of the most intense diffraction lines PXRD patterns of the bulk material obtained from the various 

growth conditions (Figure 8.2b).  Yet even in comparing the 100 K simulated Pna21 pattern and 

the room temperature bulk experimental PXRD patterns, it is clear that some of the higher angle 

peaks shift due to temperature differences.  However, there are a few low intensity diffraction lines 

in some of the bulk experimental PXRD patterns (e.g. at 2𝜃 = ~16.5°, ~19.2° and ~26.5° in the 

sublimed material) that are not accounted for by the Pna21 structure.  Some of the other 

computationally-generated polymorphs considered have peaks at these positions.  For example, 
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am91 and fa95 have peaks at 2𝜃 = 16.54° and 16.63°, respectively, which is similar to the extra 

peak at 16.5° in the bulk sublimed material.  These same two CSP structures also have a peak at 

2𝜃 = 18.99° and 18.87°, respectively, which appears in the sublimed material as well as in the 

commercial and solution recrystallized materials.  These structures have different uracil hydrogen 

bonding motifs to the experimental structure. We are hesitant to attempt to match peaks with 2𝜃 

values greater than ~20°, given the potentially large changes in this region due to temperature.  

With only a few unique peaks and the complicating effects of thermal expansion on the PXRD 

peak positions, it was simply not possible to confirm the identity of the phase impurities which are 

likely present in the bulk samples. 

Raman spectroscopy was also attempted here in an effort to characterize the phase 

impurities in the bulk samples.  Slow growth from aqueous solution yielded some of the largest 

crystals, though often these were found as part of a larger aggregate of microcrystals.  A typical 

aggregate is shown in Figure 8.9 where several small crystals are seen attached to the sides of 

what appears to be one larger central core crystal.  The Raman spectrum of the center crystal 

(labeled C) and those emerging from the sides (labeled A and B) show subtle differences in the 

region ~ 470-490 cm-1 as well as in the region just below 100 cm-1.  A previous DFT study on the 

isolated molecule212 assigned a vibration at 476.8 cm-1 to an N1-H wag, and changes in that region 

could mean that polymorphs with very different N1-H local environments might be present.  

However, we observed some polarization dependence on the Raman spectra.  In the absence of 

larger single crystals, it remains difficult to confirm whether aggregates contain different 

polymorphs or whether they are intergrowths of the same polymorph.   
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Figure 8.9. Raman microscopy results for an aqueous, solution-grown aggregate of AUr. 

Micrograph of an AUr aggregate grown from aqueous solution and Raman spectra collected on 

different spots within the aggregate. The central crystal (C) has multiple crystals attached to 

two of its side faces.  Raman spectra collected at different positions within the aggregate show 

slight differences in the number and position of peaks in the region between 450-500 cm-1. 

 
 8.4 Conclusion 

In this work, synchrotron radiation enabled the characterization of the first single-crystal 

structure of 5-aminouracil. This experimental polymorph was isolated from multiple crystal 

growth methods and was identified as one of the computationally generated crystal structures 

assessed by Barnett et al. in 2008.152  Although we were able to structurally characterize only one 

polymorph of this compound, evidence suggests that additional polymorphs are likely present in 

the bulk growth products.  This structural information will undoubtedly provide useful insights in 

understanding the effects of 5-substitution on uracil derivatives. This study illustrates the utility of 

cheap CSP studies which use rigid molecules, and also the challenges facing current computational 

modelling of the electronic and geometrical changes associated with the delocalization of -NH2 
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groups and thermal expansion in the organic solid state. Nonetheless, the energetic 

competitiveness of different crystal structures provides evidence for the variety of hydrogen 

bonding interactions afforded by the AUr molecule that has made it an important nucleobase 

derivative in novel oligonucleotide assemblies.  
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 CHAPTER 9. CONFINED WATER DYNAMICS OF ISOMORPHOUS CHANNEL 

HYDRATES 

 9.1 Introduction 

Quasi-elastic neutron scattering (QENS) can provide information about the mechanisms and 

timescales associated with molecular motions ranging from a few picoseconds to a few 

nanoseconds.107 Specifically, with the high-flux neutron backscattering spectrometer (HFBS) at 

the NIST Center for Neutron Research (NCNR), slow motions in solid state materials on the order 

of a nanosecond can be observed. There is advancing interest in the characterization and control 

over the confined arrangements and diffusive properties of water molecules since these molecules 

exhibit strikingly different properties than those situated in sites of larger free volumes or in the 

bulk phase.111, 120 Although neutron scattering techniques are well-suited to the study of water 

dynamics, they have yet to be widely employed in the study of molecular hydrate systems.  

In Chapter 4, we discussed our efforts to characterize the water dynamics in a prototypical 

channel hydrate, thymine hydrate (TH). The water molecules in this 0.8-channel hydrate organize 

in a hydrogen bonded chain that runs parallel to the ± c-axis. The boundaries of this channel are 

defined by the 5-methyl groups of thymine. The cross-sectional diameter (d) of the lattice channel 

at its narrowest point is approximately d = 3.2 Å, giving water molecules (kinetic diameter of 

approximately d = 2.7 Å52) limited free space for diffusive motions. Nonetheless, we were able to 

characterize these lattice water motions in pure TH both directly and indirectly using QENS 

techniques with multiple experimental time windows (Chapter 4). We assumed the hydrogen 

atoms were undergoing localized, rotational diffusion with a single characteristic relaxation time. 

This type of diffusion was manifested as a single Lorentzian peak whose full-width at half-
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maximum was independent of the momentum transfer, Q and was inversely proportional to the 

characteristic relaxation time associated with these motions. 

In an effort to tune the structure and associated properties of this channel hydrate, we applied 

a lattice substitution approach and generated a library of isomorphous channel hydrates. These 

lattices each contained two different organic components – thymine and one of several 5-

substituted uracil (XUr) molecules – providing the opportunity to functionalize the channel 

boundaries of TH. The preparation, characterization, and water loss/sorption properties of these 

mixed hydrate lattices are detailed in Chapters 5-7. The compositions of the isomorphous mixed 

TH lattices were dependent on the chemical functionality of the structural analog and the ratio of 

the components in the growth solutions. Mixed TH crystals demonstrated notable differences in 

their morphologies as well as in their ability to retain or sorb lattice water. We proposed that these 

structure-property differences were the direct result of the chemical modifications made to the 

boundaries of the hydrate channel. Similar effects have been observed in analogous porous 

materials (e.g. metal-organic frameworks and nanotubes118, 173-175) using ligand functionalization 

or post-synthetic modification approaches. Changing the functionality along the channel/pore 

surfaces has been used to tailor interactions and/or the channel/pore dimensions for control over 

water sorption and diffusion behaviors. Functionalizing organic ligands in hybrid frameworks with 

hydrophilic groups (e.g. -amino, -hydroxyl, -nitro etc. groups173, 175, 224) can dramatically improve 

the materials affinity for water while confined environments (with diameters 5.0 – 20 Å) can lead 

to slower diffusive processes with more rigid water arrangements.225-226 

Given the observed differences in the retention and sorption behaviors of mixed TH 

crystals relative to the “unfunctionalized” host system, we aimed to characterize differences in the 

lattice water dynamics of these systems. Understanding if/how the lattice substitutions impact the 
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water dynamics can inform on broader efforts of the community111 to design and control confined 

water structure and behaviors in solid state materials. The results presented in this Chapter reveal 

empirical differences in the local environment of the lattice waters in TH and TH-AUrx. The water 

dynamics in the TH-AUrx system were investigated using materials of two different compositions 

(containing either 8.5(3) and 12.8(4) mol% of AUr), allowing us to directly probe the effects of 

increase AUr substitutions on lattice water behaviors. These results also speak to the power of the 

lattice substitution strategy for tuning the properties of molecular hydrates which cannot be 

otherwise altered by the same post-synthetic modification strategies utilized in analogous metal-

organic systems. The quasi-elastic neutron scattering technique is a useful approach in 

characterizing qualitative and quantitative differences across molecular crystals with these subtle 

structural differences.  

 
 9.2 Experimental details 

 9.2.1 Sample preparation and characterization 

Materials and crystal growth methods used in the preparation of mixed TH-XUrx samples 

are noted in Section 2.1.2. Samples of TH-AUr10 and TH-AUr15 were isolated and washed using 

cold D2O to remove bulk H2O from the surface of the material. The solid state compositions and 

thermal properties of these lattices were confirmed using 1H NMR, TGA, and DSC as detailed in 

Chapters 5-6. Approximately 1 g of each sample was prepared for FWS and QENS experiments.  

 
 9.2.2 Neutron scattering experiments 

 All neutron scattering work presented in this Chapter was performed at the NIST Center 

for Neutron Research using the high-flux backscattering (HFBS) instrument. Quasi-elastic 

experiments conducted using the HFBS involve changes in doppler frequency at a fixed 
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temperature. The dynamic doppler drive creates a spread of incident neutron energies (+/- 15 𝜇eV). 

The energy resolution for these experiments was ~1 𝜇eV. This instrument configuration allows for 

detectable dynamics between 0.1-1.3 ns. Additional instrument specifications can be found in 

Section 2.6.2. After confirming the quasi-elastic signals were independent of Q, the data were 

summed over each of 10 individual detectors (5-15) to improve statistics. Fixed window scan 

(FWS) experiments were conducted using a fixed doppler frequency allowing scattered neutrons 

of a specific energy (2.08 meV) to be recorded). Data were normalized by the sample mass.   

 
 9.3 Results and discussion  

For each TH-AUrx composition, a fraction of the 5-methyl groups of thymine molecules in TH 

are replaced with the respective 5-NH2 group of AUr 5-NH2. In effect, the water channel 

boundaries in each TH-AUrx lattice are defined by a mixture of chemical functionalities. Where 

the TH-AUr10 lattice contained 8.5(3) mol% of AUr molecules, the TH-AUr15 lattice contained 

12.8(4) mol% of AUr. These structures and dehydration behaviors are discussed in Chapter 5. 

The AUr molecules in mixed TH-AUrx crystals directly substitute for thymine molecules resulting 

in otherwise isomorphous lattices. With increased AUr composition, we observed dramatic 

increases in the temperatures required to completely dehydrate the lattices. In rationalizing these 

effects, we proposed the AUr lattice substitutions were providing additional hydrogen-bonding 

opportunities for the confined water molecules along the channel the ± c-axis channel, resulting 

in the overall improved retention of lattice water. In other words, the chemical nature of the water 

channel plays a key role in dictating the behaviors of the lattice waters. We utilized the QENS 

technique to directly probe the dynamics of the lattice water molecules and compare their 

behaviors to that of TH characterized in Chapter 4.   
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 9.3.1 FWS of TH-AUr10 

Initially, the elastic scattering intensity in TH-AUr10 was monitored as a function of 

temperature. These fixed window scan (FWS) experiments allowed us to measure the fraction of 

non-diffusive atoms with relaxation times longer than few nanoseconds. Figure 9.1 shows the 

results of the FWS experiment relative to TH (Chapter 4) monitored under the same conditions. 

In the FWS of TH, we observed a change in the elastic intensity below -75 °C likely as a result of 

dynamic 5-methyl groups. The elastic scattering in the TH-AUr10 sample, does not overlap 

perfectly with that of TH in this region. It is possible this is due to experimental variation, but it 

could also reflect a channel environment that is no longer bounded strictly by 5-methyl groups. In 

fact, for the TH-AUr10 sample, the channel walls are approximately 8.5% 5-amino groups which 

likely experience rotational motions. Dehydration occurs in the TH sample at approximately 55 

°C indicating by the steep change in elastic intensity at this temperature. Interestingly, we did not 

observe the same complete dehydration event in TH-AUr10 up to ~85 °C. This was not unexpected 

given our previously established thermal analyses (Chapter 5) on these mixed crystals relative to 

TH. These data provided a practical temperature limit (higher than TH) for investigating dynamics 

associated with lattice water molecules in this sample.  
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Figure 9.1. Total elastic scattering as a function of temperature in TH-AUr10 and TH. 

Samples were heated at a rate of 0.8 K/min. Dehydration occurs in TH at ~55 °C and likely 

starts around 85 °C for TH-AUr10, though the experiment ended before complete dehydration 

was observed. We measured the dynamic structure factor in TH-AUr10 at the temperatures 

indicated in the shaded region. The intrinsic width of the quasi-elastic signal could be reliably 

determined in the TH-AU10 sample between 27 and 47 °C. 

 
 9.3.2 Dynamic structure factor of TH-AUr10 and TH-AUr15 

Quasi-elastic scattering experiments were used to monitor elastic line broadening due to 

dynamic motions in the TH-AUrx samples. Measurements were collected at several temperatures 

between 27 and 77 °C on TH-AUr10 and TH-AUr15 each containing ~8.5 and 12.8 mol% of AUr, 

respectively. Both of these hydrate samples contained coherent Bragg reflections that largely 

contributed to the measured scattering signal. As a result of this strong contribution of elastic 

scattering and the confined nature of the water molecules, energetic deviations in the form of quasi-

elastic scattering were subtle. Any observed quasi-elastic broadening signals were found to be 

independent of Q. As a result, we assume that within the experimental time window, we are 
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observing local, rotational motions of the lattice water molecules. This is consistent with what we 

observed in the TH samples in Chapter 4.  This has been discussed in an analogous, zeolite system 

where local rotational motions of methanol molecules manifested subtle quasi-elastic broadening 

signals which were modeled using a single Lorentzian function.227-228  

Representative quasi-elastic scattering curves for TH-AUr10 and TH-AUr15 are shown in 

Figure 9.2. Broadening about the elastic line was observed at temperatures from 27-47 °C in the 

case of TH-AUr10 (Figure 9.2a) 27-67 °C in the case of TH-AUr15 (Figure 9.2b). We argue this 

scattering is associated with lattice water dynamics. Assuming the water dynamics in the TH-AUrx 

samples are local, rotational motions, occurring with a single characteristic relaxation time, we 

developed an analytical model including single Lorentzian function to analyze the dynamic 

structure factor for the TH-AUr10 and TH-AUr15 samples. The full-width-at-half-maximum 

(FWHM) of the Lorentzian function is inversely proportional to the characteristic relaxation time. 

The model also consisted of a delta function (convoluted with the instrument resolution) to model 

the elastic scattering contribution to the dynamic structure factor, as well as a linear background 

component. When monitored above these respective temperature limits, the quasi-elastic signals 

were outside of the experimental time window of the HFBS. This behavior was manifested as total 

scattering curves which overlapped with the elastic line. An example of this is shown in Figure 

9.2a, inset when TH-AUr10 was investigated at 67 °C.  
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Figure 9.2. Dynamic structure factor of TH-AUr10 and TH-AUr15. S(Q, E) of (A) TH-AUr10 

and (B) TH-AUr15 at 27 °C (blue) and (inset) 37 ° C (red), 47 ° C (green), and 67 ° C (purple). 

Model fits which are described in the text appear as solid lines.  
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 9.3.3 Interpreting QENS results 

Dynamics within the experimental time window of the HFBS were quantified using the 

FWHM of the modeled Lorentzian components. The results are shown in Table 9.1. The quasi-

elastic broadening signals, 	Γ (𝜇eV) was found to be dependent on the AUr content in TH-AUrx 

lattice across the surveyed temperature range. These values are reported along with the diffuse 

relaxation time, 𝜏 (ns) associated with these water motions in Table 9.1. These two values are 

related by Equation 2.17. In instances where dynamics were outside of the experimental time 

window of the HFBS, we note values of  >10 𝜇eV broadening signals and < 0.1 ns dynamics. 

In interpreting these results, we first consider the boundary temperatures for dynamics 

within the experimental time window of the HFBS. In the case of TH (discussed in Chapter 4), 

we were only able to capture quantifiable dynamics at a maximum temperature of 27 °C before 

the lattice waters dehydrated with motions that were too fast to observe. Previously, we discussed 

the effects of AUr substitutions on the dehydration temperatures of the host lattice. With increased 

AUr content, higher temperatures are required to completely dehydrate the lattice (Chapter 5). A 

similar trend was observed when monitoring the hydrate water dynamics using QENS. As shown 

in Table 9.1 we were able to quantify water motions within the TH-AUrx crystals at higher 

temperatures than TH - up to 67 °C and 77 °C for TH-AUr10 and TH-AUr15, respectively.  As such, 

the AUr substitutions have a stabilizing effect, retaining the lattice water molecules at higher 

temperatures with increased AUr content with dynamics that fall within the experimental time 

window of the HFBS.  

It should be noted that a significant loss in elastic intensity for the TH-AUr15 sample 

occurred during the course of the 77 °C experiment, indicating that the water molecules likely 

began dehydrating the lattice. This again highlights one of the practical challenges mentioned in 
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Chapter 4 in studying molecular hydrates using QENS. Even with this practical limit for 

quantitative information, these results serve as qualitative evidence for a change in water dynamics 

in molecular hydrate lattices once dehydration is triggered. From data included in the current 

Chapter and that discussed in Chapter 4, the timescale of these dehydration events is outside of 

the experimental time window of the HFBS. It is possible that the mechanism(s) associated with 

these dynamic motions is also different than those operating with diffuse relaxation times on the 

order of 1 ns. In Chapter 3 and Chapter 4 we discussed the dehydration of TH and that this 

process likely involves 1-dimensional diffusion (along the c-axis) of lattice water molecules, 

though we were unable to directly characterize these water motions using either the HFBS or the 

DCS (sensitive to nanosecond and picosecond dynamics, respectively). Additional QENS 

experiments probing a separate timescale are required to capture the dynamics associated with the 

lattice water molecules as they dehydrate the TH and isomorphous TH-AUrx lattices.  

More unexpected than the stabilizing effect of AUr substitutions on lattice water retention 

were the quantitative trends across dynamic processes occurring within the experimental time 

window of the HFBS. Here we consider the data collected at 27 °C since at this temperature water 

dynamics in all three systems – TH, TH-AUr10, and TH-AUr15 – were quantifiable. With the 

instrument parameters, we were able to observe quasi-elastic broadening between 1 > Γ > 10 𝜇eV. 

At 27 °C, the FWHM signals in Table 9.1 increased as a function of AUr content, meaning faster 

local water dynamics were occurring in channels with the 5-amino functionality. At 27 °C, 

dynamics on the order of 3.44 (16) 𝜇eV and 6.00(10) 𝜇eV were observed for TH-AUr10 and TH-

AUr15 samples, respectively. These Γ values correspond to dynamics with characteristic timescales 

of 0.383(10) and 0.219(4) ns, respectively. Quantifiable water dynamics in pure TH were 

characterized at 27 °C and occurred with characteristic timescales between 0.53-0.66 ns (Chapter 
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4). As such, at the same isothermal temperature, the slowest water dynamics are observed in pure 

TH with 0 mol% of AUr substitutions and are fastest in the case of TH-AUr15 with 12.8(4) mol% 

of AUr included in the lattice.  

These experimental results suggest complex interactions exist between the AUr molecules 

and channel water molecules. Since the dynamic structure factors of the TH-AUrx samples were 

found to be independent of Q, the faster relaxation times were likely not due to long-range motions. 

Although this narrows the mechanisms responsible for the observed S(Q, E) in the TH-AUrx 

samples, descriptions for the specific local motions operating in these samples remain ambiguous. 

We cannot discount the possibility that the 5-NH2 group of AUr molecules experience dynamics 

within the experimental time window, thereby contributing to the measured S(Q, E). However, 

since we observe a drastic change in the quasi-elastic signals when the materials dehydrate, we 

assert that the lattice water molecules are indeed contributing to the measured S(Q, E) possibly via 

a different rotational mechanism than that operating in TH. If the water molecules in the TH-AUrx 

lattices are hydrogen bonding to the 5-NH2 groups lining the boundaries of the channels, it’s 

possible these water molecules are experiencing anisotropic rotation along a specific axis. An 

analogous situation was observed in a porous zeolite system where the dynamics of a phenol guest 

molecule were characterized using QENS. Here, the authors considered a dynamic mechanism 

where the phenol molecule was hydrogen bonded to the pore surface and rotated around its 

molecular axis.140 Irrespective of the dynamic mechanism, the motions operating in the TH-AUrx 

samples do so with only a slight temperature dependence (Table 9.1) before the dynamics of 

dehydration are triggered.  
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Table 9.1. QENS signals in TH, TH-AUr10, and TH-AUr15 as a function of temperature. The 

FWHM of the Lorentzian component, 	Γ (𝜇eV) is reported along with the diffuse relaxation time, 

𝜏 (ns).  

TH 
Temperature, °C 27 37 47 67 77 

Γ, 𝜇eV 2.38(12) 
2.11(9) > 10 N/A N/A N/A 

𝜏, ns 0.55(3) 
0.62(3) < 0.1 N/A N/A N/A 

TH-AUr10 
Temperature, °C 27 37 47 67 77 

Γ, 𝜇eV 3.44(16) 3.54(15) 3.74(14) > 10 N/A 
𝜏, ns 0.383(10) 0.372(9) 0.352(8) < 0.1 N/A 

TH-AUr15 
Temperature, °C 27 37 47 67 77 

Γ, 𝜇eV 6.00(10) N/A 6.00(10) 6.40(10) > 10 
𝜏, ns 0.219(4) N/A 0.219(4) 0.206(3) < 0.1 

a Reproduced from results detailed in Chapter 4 
 

Since the diffusive mechanism(s) operating in TH-AUrx lattices have not been determined 

using empirical approaches alone, computational investigations are underway to characterize these 

lattice motions. Simulating diffusive motions using molecular dynamics (MD) is useful in 

generating accurate models and associated scattering data that can be compared to the observed 

scattering data. In the case of MD simulations, the scattering signals from simulated trajectories of 

atoms can be calculated and compared to experimental results.119, 133, 137 The simulated scattering 

data, S(Q, E) can be compared to experimental scattering signals. In successfully describing the 

mechanisms associated with the dynamic motions under investigation, more accurate relaxation 

times can be defined. This task is complicated by the fact that in each isomorphous mixed lattices, 

the local environment of a given water molecule might include either zero or a number of AUr 
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molecules defining the boundaries of the water channel. Multiple mixed TH-AUrx crystals of 

various channel functionality are being modeled for S(Q, E) simulations.  

 
 9.4 Conclusion  

In this Chapter, we investigated the dynamic processes operating in molecular hydrates 

with tailored lattice chemistry using quasi-elastic neutron scattering (QENS). These data inform 

on the differences in the local water environments of a channel hydrate, TH, and modified TH 

lattices, TH-AUrx, which differ in the chemical functionality of the confined water channel 

boundaries. The lattice substitution strategy presented in Chapter 5 was used to replace a fraction 

of the -CH3 groups defining the boundaries of the TH water channel with -NH2 groups of 5-

aminouracil. These substitutions resulted in dramatic effects on the retention of lattice water. We 

directly probed the effects of AUr substitutions on lattice water molecules using QENS with the 

HFBS where dynamic processes associated with dehydration occur on a unique timescale outside 

of the experimental time window. The overall stabilizing effect was directly observed in TH-AUr10 

and TH-AUr15, where higher temperatures were required to trigger dehydration with increased 

AUr content. These neutron scattering results further support the lattice substitution strategy as a 

powerful approach in tuning the structure-property relationships of the hydrate. The quasi-elastic 

neutron scattering technique is a useful approach in characterizing molecular hydrates, even those 

with subtle structural differences such as these isomorphous mixed crystals. 

In addition to the high-temperature effects of AUr substitutions on lattice water retention, 

these lattice modifications resulted in quantitative differences in the dynamics observed within the 

experimental time window of the HFBS even prior to dehydration events. When monitored at the 

same isothermal temperature, dynamics occurred with shorter characteristic relaxation times with 

increased AUr content. At 27 °C, for example these values decreased from 0.52-0.66 ns in TH 
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(Chapter 4) to 0.319(4) ns in TH-AUr15.  As such, channel dynamics appear to be faster in the 

case of mixed -CH3/-NH2 functionality. Though the motions likely do not involve long-range 

processes, the mechanism(s) associated with these dynamics remain ambiguous. Accurate models 

are necessary to describe these events and deconvolute contributions from confined water 

molecules and -NH2 groups to S(Q, E). Computational methods are being pursued to characterize 

these processes. Clarifying the effects of the AUr substitutions in dictating the water motions in 

the isomorphous channel hydrates investigated in this work informs on broader efforts of the  

community111 to design and control confined water structure and behaviors in solid state materials.  
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 APPENDIX B: 1H NMR DATA  

 
Representative 1H NMR data for each composition in the TH-XUrx library prepared in this 

work.  

 
5-aminouracil (AUr) 

1H NMR peaks unique to thymine and AUr used for analysis (DMSO-d6) include δ: 7.24 

(s, 1H) and 6.58, (s, 1H), respectively. Predicted and experimental chemical shifts are indicated 

with the corresponding molecular structures in black and red, respectively.  
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TH-AUr10 
 

 
 
 
 
 
TH-AUr15 
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TH-AUr20
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Uracil (Ur) 

1H NMR peaks unique to thymine and Ur used for analysis (DMSO-d6) include δ: 7.24 

(s, 1H) and 7.38, (s, 1H), respectively. Predicted and experimental chemical shifts are indicated 

with the corresponding molecular structures in black and red, respectively.  
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TH-Ur10 
 

 
 
 
TH-Ur15 
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TH-Ur20 
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5-ethyluracil (EUr) 

1H NMR peaks unique to thymine and EUr used for analysis (DMSO-d6) include δ: 7.24 

(s, 1H) and 7.16, (s, 1H), respectively. Predicted and experimental chemical shifts are indicated 

with the corresponding molecular structures in black and red, respectively.  
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5-hydroxyuracil (OUr) 

1H NMR peaks unique to thymine and OUr used for analysis (DMSO-d6) include δ: 7.24 

(s, 1H) and 6.38, (s, 1H), respectively. Predicted and experimental chemical shifts are indicated 

with the corresponding molecular structures in black and red, respectively.  
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TH-OUr10 
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 APPENDIX C: CRYSTALLOGRAPHIC INFORMATION  

 
Structure model .res file data for Td1, Td2 and TH determined from sPXRD. 
 
Td1 

 
CELL 0.39433 4.5436 23.247 5.4139 90 93.88 90 
ZERR 4 0.0011 0.005 0.0011 0 0.02 0 
LATT 1 
SYMM 1/2-x,1/2+y,1/2-z 
SFAC C H N O 
UNIT 20 24 8 8 
FVAR 1.00 
C1      1  0.142140  0.119640  0.260700  1.000000 0.012665 
C2      1 -0.160174  0.043941  0.186570  1.000000 0.012665 
C3      1 -0.189478  0.120667 -0.067740  1.000000 0.012665 
C4      1  0.021833  0.145558  0.066450  1.000000 0.012665 
C5      1  0.119837  0.200274  0.001770  1.000000 0.012665 
N1      3  0.051136  0.068832  0.320760  1.000000 0.012665 
N2      3 -0.280481  0.069859 -0.007680  1.000000 0.012665 
O1      4  0.337196  0.142616  0.384568  1.000000 0.012665 
O2      4 -0.244178 -0.002958  0.242010  1.000000 0.012665 
H1      2  0.125171  0.052882  0.440298  1.000000 0.018998 
H2      2 -0.410519  0.054542 -0.090258  1.000000 0.018998 
H3      2 -0.282021  0.140604 -0.217162  1.000000 0.018998 
H4      2 -0.008338  0.214909 -0.142075  1.000000 0.018998 
H5      2  0.107430  0.226664  0.146561  1.000000 0.018998 
H6      2  0.328792  0.197423 -0.044299  1.000000 0.018998 
END 
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Td2 
 
CELL 0.39433 6.7729 6.8409 12.843 90 104.958 90 
ZERR 4 0.0007 0.0008 0.002 0 0.011 0 
LATT -7 
SYMM -x,y,-z 
SFAC C H N O 
UNIT 20 24 8 8 
FVAR 1.00 
C1      1  0.513500 -0.159600  1.231900  1.000000 0.012665 
C2      1  0.348000 -0.330000  1.085400  1.000000 0.012665 
C3      1  0.518000 -0.488670  1.235600  1.000000 0.012665 
C4      1  0.571000 -0.322100  1.283200  1.000000 0.012665 
C5      1  0.692000 -0.318000  1.389700  1.000000 0.012665 
N1      3  0.401900 -0.163700  1.133000  1.000000 0.012665 
N2      3  0.406000 -0.492800  1.136700  1.000000 0.012665 
O1      4  0.563000 -0.005800  1.275800  1.000000 0.012665 
O2      4  0.245000 -0.334000  0.994100  1.000000 0.012665 
H1      2  0.366000 -0.064000  1.101400  1.000000 0.018998 
H2      2  0.373000 -0.595000  1.107000  1.000000 0.018998 
H3      2  0.562000 -0.613700  1.275000  1.000000 0.018998 
H4      2  0.732000 -0.454000  1.413900  1.000000 0.018998 
H5      2  0.816400 -0.237000  1.393000  1.000000 0.018998 
H6      2  0.610000 -0.258000  1.436600  1.000000 0.018998 
END 
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TH 
 

CELL 0.39433 6.0841 27.8635 3.81653 90 94.349 90 
ZERR 4 0.0003 0.0015 0.00013 0 0.004 0 
LATT 1 
SYMM -x,1/2+y,1/2-z 
SFAC C H N O 
UNIT 20 32 8 12 
FVAR 1.00 
C1      1  2.517360  0.892370 -2.259280  1.000000 0.012665 
C2      1  2.726137  0.958959 -2.194010  1.000000 0.012665 
C3      1  2.853517  0.888639 -1.970019  1.000000 0.012665 
C4      1  2.671872  0.867687 -2.088196  1.000000 0.012665 
C5      1  2.642653  0.818540 -2.031219  1.000000 0.012665 
H1      2  2.449408  0.953196 -2.417470  1.000000 0.018998 
H2      2  2.992430  0.947169 -1.950202  1.000000 0.018998 
H3      2  2.972372  0.869652 -1.838415  1.000000 0.018998 
H4      2  2.770984  0.806150 -1.878374  1.000000 0.018998 
H5      2  2.503239  0.813646 -1.912914  1.000000 0.018998 
H6      2  2.633352  0.801538 -2.262618  1.000000 0.018998 
N1      3  2.544492  0.938006 -2.312187  1.000000 0.012665 
N2      3  2.880649  0.934275 -2.022926  1.000000 0.012665 
O1      4  2.349688  0.873029 -2.368366  1.000000 0.012665 
O2      4  2.751182  1.001084 -2.242848  1.000000 0.012665 
H7      2 -0.176000  0.197000  0.424000  0.800000 0.018998 
H8      2 -0.115000  0.237000  0.302000  0.800000 0.018998 
O3      4 -0.133500  0.219600  0.455400  0.830000 0.012665 
END 
 
 
 
 
 
 
 
 
 
  



 
 

239 

 REFERENCES 

 
1. Yang, J.; Hu, C. T.; Zhu, X.; Zhu, Q.; Ward, M. D.; Kahr, B., DDT Polymorphism and 
the Lethality of Crystal Forms. Angewandte Chemie - International Edition 2017, 56, 10165-
10169. 
2. Datta, S.; Grant, D. J. W., Crystal structures of drugs: advances in determination, 
prediction and engineering. Nature Reviews Drug Discovery 2004, 3, 42-57. 
3. Jiang, H.; Hu, W., The Emergence of Organic Single-Crystal Electronics. Angewandte 
Chemie International Edition 2020, 59 (4), 1408-1428. 
4. Yu, P.; Zhen, Y.; Dong, H.; Hu, W., Crystal Engineering of Organic Optoelectronic 
Materials. Chem 2019, 5 (11), 2814-2853. 
5. Corpinot, M. K.; Bučar, D.-K., A Practical Guide to the Design of Molecular Crystals. 
Crystal Growth and Design 2019, 19 (2), 1426-1453. 
6. Sinha, S.; Aakeröy, C., Design of Molecular Crystals: Supramolecular Synthons. In 
Supramolecular Engineering: Designing the Solid State, MacGillivray, L. R., Ed. Elsevier: 
Amsterdam, Netherlands, 2017; pp 3-22. 
7. Desiraju, G. R., Crystal engineering: a holistic view. Angew Chem Int Ed Engl 2007, 46 
(44), 8342-56. 
8. Taylor, L. S.; Shamblin, S. L., Amorphous Solids. In Polymorphism in Pharmaceutical 
Solids, 2 ed.; Brittain, H. G., Ed. 2009; pp 587-629. 
9. Kratochvil, B., Solid Forms of Pharmaceutical Molecules. In Glassy, Amorphous and 
Nano-crystalline Materials: Thermal Physics, Analysis, Structure and Properties, Sestak, J.; 
Mares, J. J.; Hubik, P., Eds. Springer: Dordrecht, London, 2010; pp 129-140. 
10. Bernstein, J.; Davey, R. J.; Henck, J.-O., Concomitant Polymorphs. Angewandte Chemie 
International Edition 1999, 38 (23), 3440-3461. 
11. Bernstein, J., Polymorphism in Molecular Crystals. Oxford University Press: New York, 
2002. 
12. Bernstein, J., Polymorphism - A perspective. Crystal Growth and Design 2011, 11, 632-
650. 
13. Cruz-Cabeza, A. J.; Reutzel-Edens, S. M.; Bernstein, J., Facts and fictions about 
polymorphism. Chemical Society Reviews 2015, 44 (23), 8619-8635. 
14. Brittain, H. G., Polymorphism in Pharmaceutical Solids. 2 ed.; Informa Healthcare: New 
York, NY, 2009. 
15. Vippagunta, S. R.; Brittain, H. G.; Granta, D. J. W., Crystalline solids. Advanced Drug 
Delivery Reviews 2001, 3-26. 
16. Dhanaraj, G.; Byrappa, K.; Prasad, V.; Dudley, M., Springer Handbook of Crystal 
Growth. Springer-Verlag: Berlin, 2010. 
17. Lee, A. Y.; Erdemir, D.; Myerson, A. S., Crystal Polymorphism in Chemical Process 
Development. Annual Review of Chemical and Biomolecular Engineering 2011, 2 (1), 259-280. 
18. Jiang, Q.; Ward, M. D., Crystallization under nanoscale confinement. Chemical Society 
Reviews 2014, 43 (7), 2066-2079. 
19. Chemburkar, S. R.; Bauer, J.; Deming, K.; Spiwek, H.; Patel, K.; Morris, J.; Henry, R.; 
Spanton, S.; Dziki, W.; Porter, W.; Quick, J.; Bauer, P.; Donaubauer, J.; Narayanan, B. A.; 
Soldani, M.; Riley, D.; McFarland, K., Dealing with the Impact of Ritonavir Polymorphs on the 
Late Stages of Bulk Drug Process Development. Organic Process Research and Development 
2000, 4 (5), 413-417. 



 
 

240 

20. Bučar, D.-K.; Lancaster, R. W.; Bernstein, J., Disappearing Polymorphs Revisited. 
Angewandte Chemie International Edition 2015, 54 (24), 6972-6993. 
21. Price, S. L.; Price, L. S., Toward Computational Polymorph Prediction. In Polymorphism 
in the Pharmaceutical Industry: Solid Form and Drug Development, Hilfiker, R.; Raumer, M. v., 
Eds. Wiley-VCH: Weinheim, Germany, 2019; pp 133-158. 
22. Price, S. L., Control and prediction of the organic solid state: a challenge to theory and 
experiment. Proc. R. Soc. A 2018, 474. 
23. Price, S. L.; Braun, D. E.; Reutzel-Edens, S. M., Can computed crystal energy landscapes 
help understand pharmaceutical solids? Chemical Communications 2016, 52 (44), 7065-7077. 
24. Price, S. L., Predicting crystal structures of organic compounds. Chemical Society 
Reviews 2014, 43 (7), 2098-2111. 
25. Beiner, M.; Rengarajan; Pankaj, S.; Enke, D.; Steinhart, M., Manipulating the Crystalline 
State of Pharmaceuticals by Nanoconfinement. Nano Letters 2007, 7 (5), 1381-1385. 
26. Burley, J. C.; Duer, M. J.; Stein, R. S.; Vrcelj, R. M., Enforcing Ostwald's rule of stages: 
Isolation of paracetamol forms III and II. European Journal of Pharmaceutical Sciences 2007, 
31 (5), 271-276. 
27. Giri, G.; Li, R.; Smilgies, D.-M.; Li, E. Q.; Diao, Y.; Lenn, K. M.; Chiu, M.; Lin, D. W.; 
Allen, R.; Reinspach, J.; Mannsfeld, S. C. B.; Thoroddsen, S. T.; Clancy, P.; Bao, Z.; Amassian, 
A., One-dimensional self-confinement promotes polymorph selection in large-area organic 
semiconductor thin films. Nature Communications 2014, 5 (1), 3573. 
28. Byrn, S. R.; Zografi, G.; Chen, X., Polymorphs. In Solid-State Properties of 
Pharmaceutical Materials, John Wiley and Sons, Incorporated: New York, UNITED STATES, 
2017; pp 22-37. 
29. Lohani, S.; Grant, D. J. W., Thermodynamics of Polymorphs. In Polymorphism: In the 
Pharmaceutical Industry, Hilfiker, R., Ed. Wiley-VCH: Weinheim, Germany, 2006; pp 21-42. 
30. Brittain, H. G., Theory and Principles of Polymorphic Systems. In Polymorphism in 
Pharmaceutical Solids, 2 ed.; Brittain, H. G., Ed. 2009; pp 1-23. 
31. Lusi, M., A rough guide to molecular solid solutions: design, synthesis and 
characterization of mixed crystals. CrystEngComm 2018, 20 (44), 7042-7052. 
32. Bennion, J. C.; Matzger, A. J., Development and Evolution of Energetic Cocrystals. 
Accounts of Chemical Research 2021, 54 (7), 1699-1710. 
33. Huang, Y.; Wang, Z.; Chen, Z.; Zhang, Q., Organic Cocrystals: Beyond Electrical 
Conductivities and Field-Effect Transistors (FETs). Angewandte Chemie International Edition 
2019, 58 (29), 9696-9711. 
34. Berry, D. J.; Steed, J. W., Pharmaceutical cocrystals, salts and multicomponent systems; 
intermolecular interactions and property based design. Advanced Drug Delivery Reviews 2017, 
117, 3-24. 
35. Shao, Y.; Yang, Y., White organic light-emitting diodes prepared by a fused organic solid 
solution method. Applied Physics Letters 2005, 86 (7), 073510. 
36. Shao, Y.; Yang, Y., Organic Solid Solutions: Formation and Applications in Organic 
Light-Emitting Diodes. Advanced Functional Materials 2005, 15 (11), 1781-1786. 
37. Schur, E.; Nauha, E.; Lusi, M.; Bernstein, J., Kitaigorodsky Revisited: Polymorphism and 
Mixed Crystals of Acridine/Phenazine. Chemistry – A European Journal 2015, 21 (4), 1735-
1742. 



 
 

241 

38. Braga, D.; Grepioni, F.; Maini, L.; Polito, M.; Rubini, K.; Chierotti, M. R.; Gobetto, R., 
Hetero-Seeding and Solid Mixture to Obtain New Crystalline Forms. Chemistry – A European 
Journal 2009, 15 (6), 1508-1515. 
39. Brandel, C.; Amharar, Y.; Rollinger, J. M.; Griesser, U. J.; Cartigny, Y.; Petit, S.; 
Coquerel, G., Impact of Molecular Flexibility on Double Polymorphism, Solid Solutions and 
Chiral Discrimination during Crystallization of Diprophylline Enantiomers. Molecular 
Pharmaceutics 2013, 10 (10), 3850-3861. 
40. Brader, M. L.; Sukumar, M.; Pekar, A. H.; McClellan, D. S.; Chance, R. E.; Flora, D. B.; 
Cox, A. L.; Irwin, L.; Myers, S. R., Hybrid insulin cocrystals for controlled release delivery. 
Nature Biotechnology 2002, 20 (8), 800-804. 
41. Braun, D. E.; Kahlenberg, V.; Griesser, U. J., Experimental and Computational Hydrate 
Screening: Cytosine, 5-Flucytosine, and Their Solid Solution. Crystal Growth and Design 2017, 
17, 4347-4364. 
42. Lusi, M., Engineering Crystal Properties through Solid Solutions. Crystal Growth and 
Design 2018, 18 (6), 3704-3712. 
43. York, P.; Grant, D. J. W., A disruption index for quantifying the solid state disorder 
induced by additives or impurities. I. Definition and evaluation from heat of fusion. International 
Journal of Pharmaceutics 1985, 25 (1), 57-72. 
44. Kitaigorodsky, A. I., Structure of Crystals. In Molecular crystals and Molecules, 
Academic Press Inc.: 1973; Vol. 29, pp 1-133. 
45. Kitaigorodskii, A. I., Mixed Crystals. Springer-Verlag: Berlin, 1984; Vol. 33. 
46. Paul, M.; Chakraborty, S.; Desiraju, G. R., Six-Component Molecular Solids: ABC[D1–
(x+y)ExFy]2. Journal of the American Chemical Society 2018, 140 (6), 2309-2315. 
47. Bučar, D.-K.; Sen, A.; Mariappan, S. V. S.; MacGillivray, L. R., A [2+2] cross-
photodimerisation of photostable olefinsvia a three-component cocrystal solid solution. Chemical 
Communications 2012, 48 (12), 1790-1792. 
48. Theocharis, C. R.; Desiraju, G. R.; Jones, W., The use of mixed crystals for engineering 
organic solid-state reactions: application to benzylbenzylidenecyclopentanones. Journal of the 
American Chemical Society 1984, 106 (12), 3606-3609. 
49. Dabros, M.; Emery, P. R.; Thalladi, V. R., A Supramolecular Approach to Organic 
Alloys: Cocrystals and Three- and Four-Component Solid Solutions of 1,4-
Diazabicyclo[2.2.2]octane and 4-X-Phenols (X=Cl, CH3, Br). Angewandte Chemie International 
Edition 2007, 46 (22), 4132-4135. 
50. Reutzel-Edens, S. M.; Braun, D. E.; Newman, A. W., Hygroscopicity and Hydrates in 
Pharmaceutical Solids. In Polymorphism in the Pharmaceutical Industry: Solid Form and Drug 
Development, Hilfiker, R.; Raumer, M. v., Eds. Wiley-VCH: Weinheim, Germany, 2019; pp 
159-188. 
51. Griesser, U. J., The Importance of Solvates. In Polymorphism: In the Pharmaceutical 
Industry, Hilfiker, R., Ed. 2006; pp 211-233. 
52. Ismail, A. F.; Khulbe, K. C.; Matsuura, T., Gas Separation Membranes: Polymeric and 
Inorganic. Springer International Publishing: 2015. 
53. Boothroyd, S.; Kerridge, A.; Broo, A.; Buttar, D.; Anwar, J., Why Do Some Molecules 
Form Hydrates or Solvates? Crystal Growth and Design 2018, 18, 1903-1908. 
54. Tian, F.; Qu, H.; Zimmermann, A.; Munk, T.; Jørgensend, A. C.; Rantanen, J., Factors 
affecting crystallization of hydrates. Journal of Pharmacy and Pharmacology 2010, 62, 1534–
1546. 



 
 

242 

55. Gillon, A. L.; Feeder, N.; Davey, R. J.; Storey, R., Hydration in Molecular CrystalsA 
Cambridge Structural Database Analysis. Crystal Growth and Design 2003, 3 (5), 663-673. 
56. Braun, D. E.; Koztecki, L. H.; Mcmahon, J. A.; Price, S. L.; Reutzel-Edens, S. M., 
Navigating the Waters of Unconventional Crystalline Hydrates. Molecular Pharmaceutics 2015, 
12, 3069-3088. 
57. Hulme, A. T.; Price, S. L., Toward the prediction of organic hydrate crystal structures. 
Journal of Chemical Theory and Computation 2007, 3, 1597-1608. 
58. Infantes, L.; Fábián, L.; Motherwell, W. D. S., Organic crystal hydrates: what are the 
important factors for formation. CrystEngComm 2007, 9 (1), 65-71. 
59. Byrn, S. R.; Zografi, G.; Chen, X., Solvates and Hydrates. In Solid-State Properties of 
Pharmaceutical Materials, John Wiley and Sons, Incorporated: New York, UNITED STATES, 
2017; pp 38-47. 
60. Morris, K. R.; Rodriguez-Hornado, N., Hydrates. In Encyclopedia of Pharmaceutical 
Technology, Swarbrick, J.; Boylan, J. C., Eds. Dekker: New York, 1993; Vol. 7, pp 393-440. 
61. Hirsh, D. A.; Holmes, S. T.; Chakravarty, P.; Peach, A. A.; DiPasquale, A. G.; Nagapudi, 
K.; Schurko, R. W., In Situ Characterization of Waters of Hydration in a Variable- Hydrate 
Active Pharmaceutical Ingredient Using 35Cl Solid-State NMR and X‐ray Diffraction. Crystal 
Growth and Design 2019, 19, 7349-7362. 
62. Braun, D. E.; Griesser, U. J., Supramolecular Organization of Nonstoichiometric Drug 
Hydrates: Dapsone. Front. Chem. 2018, 6 (31). 
63. Braun, D. E.; Griesser, U. J., Stoichiometric and Nonstoichiometric Hydrates of Brucine. 
Crystal Growth and Design 2016, 16, 6111-6121. 
64. Brittain, H. G.; Grant, D. J. R.; Myrdal, P. B., Effects of Polymorphism and Solid-State 
Solvation on Solubility and Dissolution Rate. In Polymorphism in Pharmaceutical Solids, 2 ed.; 
Brittain, H. G., Ed. 2009; pp 436-480. 
65. Pudipeddi, M.; Serajuddin, A. T. M., Trends in Solubility of Polymorphs. Journal of 
Pharmaceutical Sciences 2005, 94 (5), 929-939. 
66. Kobayashi, Y.; Ito, S.; Itai, S.; Yamamoto, K., Physicochemical properties and 
bioavailability of carbamazepine polymorphs and dihydrate. International Journal of 
Pharmaceutics 2000, 193 (2), 137-146. 
67. Phadnis, N. V.; Suryanarayanan, R., Polymorphism in anhydrous theophylline - 
Implications on the dissolution rate of theophylline tablets. Journal of Pharmaceutical Sciences 
1997, 86, 1256-1263. 
68. Rastogi, S.; Zakrzewski, M.; Suryanarayanan, R., Investigation of solid-state reactions 
using variable temperature X-ray powder diffractrometry. I. Aspartame hemihydrate. 
Pharmaceutical Research 2001, 18, 267-273. 
69. Rastogi, S.; Zakrzewski, M.; Suryanarayanan, R., Investigation of solid-state reactions 
using variable temperature X-ray powder diffractometry. II. Aminophylline monohydrate. 
Pharmaceutical research 2002, 19, 1265-1273. 
70. Wikström, H.; Carroll, W. J.; Taylor, L. S., Manipulating theophylline monohydrate 
formation during high-shear wet granulation through improved understanding of the role of 
pharmaceutical excipients. Pharmaceutical Research 2008, 25, 923-935. 
71. Wikström, H.; Rantanen, J.; Gift, A. D.; Taylor, L. S., Toward an Understanding of the 
Factors Influencing Anhydrate-to-Hydrate Transformation Kinetics in Aqueous Environments. 
Crystal Growth and Design 2008, 8, 2684-2693. 



 
 

243 

72. Abramov, Y. A., Virtual hydrate screening and coformer selection for improved relative 
humidity stability. CrystEngComm 2015, 17, 5216-5224. 
73. Stephenson, G. A.; Stowell, J. G.; Toma, P. H.; Dorman, D. E.; Greene, J. R.; Byrn, S. R., 
Solid-State Analysis of Polymorphic, Isomorphic, and Solvated Forms of Dirithromycin. J. Am. 
Chem. Soc. 1994, 116 (13), 5766-5773. 
74. Be̅rziņš, A.; Trimdale, A.; Kons, A.; Zvaniņa, D., On the Formation and Desolvation 
Mechanism of Organic Molecule Solvates: A Structural Study of Methyl Cholate Solvates. 
Cryst. Growth Des. 2017, 17 (11), 5712-5724. 
75. Mahieux, J.; Sanselme, M.; Coquerel, G., Access to Several Polymorphic Forms of (±)-
Modafinil by Using 
Various Solvation−Desolvation Processes. Crystal Growth and Design 2016, 16, 396-405. 
76. Bhandary, S.; Chopra, D., Observation of Rapid Desolvation of Hexafluorobenzene 
Involving Single-Crystal-to-Single-Crystal Phase Transition in a Nonporous Organic Host. 
Cryst. Growth Des. 2018, 18 (1), 27-31. 
77. Zhang, Q.; Mei, X., Two New Polymorphs of Huperzine A Obtained from Different 
Dehydration Processes of One Monohydrate. Cryst. Growth Des. 2016, 16 (6), 3535-3542. 
78. Bhardwaj, R. M.; McMahon, J. A.; Nyman, J.; Price, L. S.; Konar, S.; Oswald, I. D. H.; 
Pulham, C. R.; Price, S. L.; Reutzel-Edens, S. M., A Prolific Solvate Former, Galunisertib, under 
the Pressure of Crystal Structure Prediction, Produces Ten Diverse Polymorphs. J. Am. Chem. 
Soc. 2019, 141 (35), 13887-13897. 
79. Bhardwaj, R. M.; McMahon, J. A.; Nyman, J.; Price, L. S.; Konar, S.; Oswald, I. D. H.; 
Pulham, C. R.; Price, S. L.; Reutzel-Edens, S. M., A Prolific Solvate Former, Galunisertib, under 
the Pressure of Crystal Structure Prediction, Produces Ten Diverse Polymorphs. Journal of the 
American Chemical Society 2019, 141, 13887-13897. 
80. Perrier, P. R.; Byrn, S. R., Influence of Crystal Packing on the Solid-State Desolvation of 
Purine and Pyrimidine Hydrates: Loss of Water of Crystallization from Thymine Monohydrate, 
Cytosine Monohydrate, 5-Nitrouracil Monohydrate, and 2′-Deoxyadenosine Monohydrate. 
Journal of Organic Chemistry 1982, 47, 4671-4676. 
81. Brittain, H. G.; Morris, K. R.; Boerrigter, S. X. M., Structural Aspects of Solvatomorphic 
Systems. In Polymorphism in Pharmaceutical Solids, 2 ed.; Brittain, H. G., Ed. 2009; pp 233-
281. 
82. Zhou, D.; Schmitt, E. A.; Zhang, G. G. Z.; Law, D.; Wight, C. A.; Vyazovkin, S.; Grant, 
D. J. W., Model-free treatment of the dehydration kinetics of nedocromil sodium trihydrate. 
Journal of Pharmaceutical Sciences 2003, 92, 1367-1376. 
83. Lee, J.; Kim, D.; Park, J.; Kim, E. E.; Lah, M. S.; Kim, A., Pseudopolymorphs of 
LB30870, a Direct Thrombin Inhibitor: One-Dimensional Solvent Channel Structures Explain 
Reversible Hydration/Dehydration. Crystal Growth and Design 2018, 18, 95-104. 
84. Braun, D. E.; Gelbrich, T.; Wurst, K.; Griesser, U. J., Computational and Experimental 
Characterization of Five Crystal Forms of Thymine: Packing Polymorphism, 
Polytypism/Disorder, and Stoichiometric 0.8-Hydrate. Crystal Growth and Design 2016, 16, 
3480-3496. 
85. Kiang, Y.-H.; Cheung, E.; Stephens, P. W.; Nagapudi, K., Structural Studies of a Non-
Stoichiometric Channel Hydrate Using High Resolution X-ray Powder Diffraction, Solid-State 
Nuclear Magnetic Resonance, and Moisture Sorption Methods. Journal of Pharmaceutical 
Sciences 2014, 103, 2809-2818. 



 
 

244 

86. Kiang, Y. H.; Cheung, E.; Stephens, P. W.; Nagapudi, K., Structural Studies of a Non‐
Stoichiometric Channel Hydrate Using High Resolution X‐ray Powder Diffraction, Solid‐State 
Nuclear Magnetic Resonance, and Moisture Sorption Methods. Journal of Pharmaceutical 
Sciences 2014, 103, 2809-2818. 
87. Te, R. L.; Griesser, U. J.; Morris, K. R.; Byrn, S. R.; Stowell, J. G., X-ray Diffraction and 
Solid-State NMR Investigation of the Single-Crystal to Single-Crystal Dehydration of Thiamine 
Hydrochloride Monohydrate. Crystal Growth and Design 2003, 3 (6), 997-1004. 
88. World Health Organization Model List of Essential Medicines, 21st List. Geneva: World 
Health Organization, 2019. 
89. Guo, F.; Harris, K. D. M., Structural understanding of a molecular material that is 
accessed only by a solid-state desolvation process: The scope of modern powder x-ray 
diffraction techniques. Journal of the American Chemical Society 2005, 127, 7314-7315. 
90. Mittemeijer, E. J.; Welzel, U., Modern Diffraction Methods. John Wiley and Sons: 2012. 
91. Nunes, C.; Mahendrasingam, A.; Suryanarayanan, R., Investigation of the multi-step 
dehydration reaction of theophylline monohydrate using 2-dimensional powder X-ray 
diffractometry. Pharmaceutical Research 2006, 23, 2393-2404. 
92. Boetker, J. P.; Rantanen, J.; Arnfast, L.; Doreth, M.; Raijada, D.; Loebmann, K.; Madsen, 
C.; Khan, J.; Rades, T.; Müllertz, A.; Hawley, A.; Thomas, D.; Boyd, B. J., Anhydrate to hydrate 
solid-state transformations of carbamazepine and nitrofurantoin in biorelevant media studied in 
situ using time-resolved synchrotron X-ray diffraction. European Journal of Pharmaceutics and 
Biopharmaceutics 2016, 100, 119-127. 
93. Fujii, K.; Aoki, M.; Uekusa, H., Solid-State Hydration/Dehydration of Erythromycin A 
Investigated by ab Initio Powder X-ray Diffraction Analysis: Stoichiometric and 
Nonstoichiometric Dehydrated Hydrate. Crystal Growth and Design 2013, 13 (5), 2060-2066. 
94. Ahlqvist, M. U. A.; Taylor, L. S., Water dynamics in channel hydrates investigated using 
H/D exchange. International Journal of Pharmaceutics 2002, 241, 253-261. 
95. Schumacher, S. U.; Rothenhäusler, B.; Willmann, A.; Thun, J. r.; Moog, R.; Kuentz, M., 
Time domain NMR as a new process monitoring method for characterization of pharmaceutical 
hydrates. Journal of Pharmaceutical and Biomedical Analysis 2017, 137, 96-103. 
96. Vogt, F. G.; Copley, R. C. B.; Mueller, R. L.; Spoors, G. P.; Cacchio, T. N.; Carlton, R. 
A.; Katrincic, L. M.; Kennady, J. M.; Parsons, S.; Chetina, O. V., Isomorphism, Disorder, and 
Hydration in the Crystal Structures of Racemic and Single-Enantiomer Carvedilol Phosphate. 
Crystal Growth and Design 2010, 10, 2713-2733. 
97. Vogt, F. G.; Brum, J.; Katrincic, L. M.; Flach, A.; Socha, J. M.; Goodman, R. M.; 
Haltiwanger, R. C., Physical, Crystallographic, and Spectroscopic Characterization of a 
Crystalline Pharmaceutical Hydrate: Understanding the Role of Water. Crystal Growth and 
Design 2006, 6, 2333-2354. 
98. Vogt, F. G.; Dell’Orco, P. C.; Diederich, A. M.; Su, Q.; Wood, J. L.; Zuber, G. E.; 
Katrincic, L. M.; Mueller, R. L.; Busby, D. J.; DeBrosse, C. W., A study of variable hydration 
states in topotecan hydrochloride. Journal of Pharmaceutical and Biomedical Analysis 2006, 40, 
1080–1088. 
99. Rachocki, A.; Pogorzelec-Glaser, K.; Ławniczak, P.; Pugaczowa-Michalska, M.; 
AndrzejŁapinśki; BozėnaHilczer; MichałMatczak; AdamPietraszko, Proton Conducting 
Compound of Benzimidazole with Sebacic Acid: Structure, Molecular Dynamics, and Proton 
Conductivity. Crystal Growth and Design 2014, 14, 1211-1220. 



 
 

245 

100. Yoshioka, S.; Aso, Y.; Osako, T.; Kawanishi, T., Wide-Ranging Molecular Mobilities of 
Water in Active Pharmaceutical Ingredient (API) Hydrates as Determined by NMR Relaxation 
Times. Journal of Pharmaceutical Sciences 2008, 97 (10), 4258-4268. 
101. Bērziņš, A.; Hodgkinson, P., Solid-state NMR and computational investigation of solvent 
molecule arrangement and dynamics in isostructural solvates of droperidol. Solid State Nucelar 
Magnetic Resonance 2015, 65, 12-20. 
102. Yamada, S.; Sako, N.; Yamada, K.; Deguchic, K.; Shimizu, T., Porous organic hydrate 
crystals: structure and dynamic behaviour of water clusters. CrystEngComm 2015, 17, 5629–
5633. 
103. Cheruzel, L. E.; Pometun, M. S.; Cecil, M. R.; Mashuta, M. S.; Wittebort, R. J.; 
Buchanan, R. M., Structures and Solid-State Dynamics of One-Dimensional Water Chains 
Stabilized by Imidazole Channels. Angewandte Chemie International Edition 2003, 42, 5452-
5455. 
104. Dempah, K. E.; Barich, D. H.; Kaushal, A. M.; Zong, Z.; Desai, S. D.; Suryanarayanan, 
R.; Kirsch, L.; Munson, E. J., Investigating Gabapentin Polymorphism Using Solid-State NMR 
Spectroscopy. AAPS PharmSciTech 2013, 14, 19-28. 
105. Mistry, P.; Chakravarty, P.; Lubach, J. W., Probing the Distribution of Water in a Multi-
Component System by Solid-State NMR Spectroscopy. Pharmaceutical Research 2016, 33, 
2470-2480. 
106. Carpenter, J. M.; Loong, C. K., Elements of Slow-Neutron Scattering: Basics, 
Techniques, and Applications. Cambridge University Press: Cambridge, 2015. 
107. Bee, M., Quasielastic Neutron Scattering: Principles and Applications in Solid State 
Chemistry, Biology, and Materials Science. J W Arrowsmith Ltd: Bristol, 1988. 
108. Pynn, R., Neutron Scattering - A Non-destructive Microscope for Seeing Inisde Matter. 
In Neutron Applications in Earth, Energy and Environmental Sciences, Liyuan, L.; Rinaldi, R.; 
Schober, H., Eds. Springer: Boston, MA, 2009; pp 1-20. 
109. O’Malley, A. J.; Parker, S. F.; Catlow, C. R. A., Neutron spectroscopy as a tool in 
catalytic science. Chem. Commun. 2017, 53, 12165-12176. 
110. Price, D. L.; Fernandez-Alonso, F., An Introduction to Neutron Scattering. In 
Experimental Methods in the Physical Sciences, Lucatorto, T.; Parr, A. C.; Baldwin, K., Eds. 
Elsevier: CA, 2013; Vol. 44, pp 1-127. 
111. Applegate, L. C.; Forbes, T. Z., Controlling water structure and behavior: design 
principles from metal organic nanotubular materials. CrystEngComm 2020, 22, 3406-3418. 
112. Prisk, T. R.; Hoffmann, C.; Kolesnikov, A. I.; Mamontov, E.; Podlesnyak, A. A.; Wang, 
X.; Kent, P. R. C.; Anovitz, L. M., Fast Rotational Diffusion of Water Molecules in a 2D 
Hydrogen Bond Network at Cryogenic Temperatures. Physical Review Letters 2018, 120, 
196001-196001-6. 
113. Kupwade-Patil, K.; Tyagi, M.; Brown, C. M.; Büyüköztürk, O., Water dynamics in 
cement paste at early age prepared with pozzolanic volcanic ash and Ordinary Portland Cement 
using quasielastic neutron scattering. Cement and Concrete Research 2016, 86, 55-62. 
114. Kupwade-Patil, K.; Bumajdad, A.; Brown, C. M.; Tyagi, M.; Butch, N. P.; Jamsheer, A. 
F.; Buyukozturk, O., New insights into water dynamics of Portland cement paste with nano-
additives using quasielastic neutron scattering. Journal of Materials Science 2019, 54, 4710–
4718. 



 
 

246 

115. Corsaro, C.; Crupi, V.; Majolino, D.; Migliardo, P.; Venuti, V.; Wanderlingh, U.; Mizota, 
T.; Telling, M., Diffusive dynamics of water in ion-exchanged zeolites. Molecular Physics 2006, 
104, 587-598. 
116. Kiwilsza, A.; Pajzderska, A.; Gonzalez, M. A.; Mielcarek, J.; Wąsicki, J., QENS and 
NMR Study of Water Dynamics in SBA-15 with a Low Water Content. Journal of Physical 
Chemistry C 2015, 119, 16578-16586. 
117. Mitra, S.; Mukhopadhyay, R.; Tsukushi, I.; Ikeda, S., Dynamics of water in confined 
space (porous alumina): QENS study. Journal of Physics: Condensed Matter 2001, 13, 8455-
8465. 
118. Burtch, N. C.; Jasuja, H.; Walton, K. S., Water Stability and Adsorption in 
Metal−Organic Frameworks. Chemical Reviews 2014, 114, 10575-10612. 
119. Jobic, H.; Theodorou, D. N., Quasi-elastic neutron scattering and molecular dynamics 
simulation as complementary techniques for studying diffusion in zeolites. Microporous and 
Mesoporous Materials 2007, 102, 21-50. 
120. Kolesnikov, A. I.; Reiter, G. F.; Choudhury, N.; Prisk, T. R.; Mamontov, E.; Podlesnyak, 
A.; Ehlers, G.; Seel, A. G.; Wesolowski, D. J.; Anovitz, L. M., Quantum Tunneling of Water in 
Beryl: A New State of the Water Molecule. Physical Review Letters 2016, 2016, 167802-1-
167802-6. 
121. Solomos, M. A. Phase Control of Diphenylureas Through Co-Crystallization and 
Template-Directed Methods. 2018. 
122. Khawam, A.; Flanagan, D. R., Solid-state kinetic models: Basics and mathematical 
fundamentals. Journal of Physical Chemistry B 2006, 110, 17315-17328. 
123. Khawam, A.; Flanagan, D. R., Basics and Applications of Solid-State Kinetics: A 
Pharmaceutical Perspective. Journal of Pharmaceutical Sciences 2006, 95, 472-498. 
124. Koradia, V.; De Diego, H. L.; Elema, M. R.; Rantanen, J., Integrated approach to study 
the dehydration kinetics of nitrofurantoin monohydrate. Journal of Pharmaceutical Sciences 
2010, 99, 3966-3976. 
125. Friedman, H., Kinetics of thermal degradation of char-forming plastics from 
thermogravimetry.  Application to a phenolic plastic. Journal of Polymer Science, Part C: 
Polymer Symposia 1964, 6, 183-195. 
126. Gerdil, R., The crystal structure of thymine monohydrate. Acta Crystallographica 1961, 
14, 333-344. 
127. Palmer, D. C., Visualization and analysis of crystal structures using CrystalMaker 
software. Zeitschrift für Kristallographie - Crystalline Materials 2015, 230 (9-10), 559-572. 
128. Degen, T.; Sadki, M.; Bron, E.; König, U.; Nénert, G., The HighScore suite. Powder 
Diffraction 2014, 29, S13-S18. 
129. Chupas, P. J.; Chapman, K. W.; Kurtz, C.; Hanson, J. C.; Lee, P. L.; Grey, C. P., A 
versatile sample-environment cell for nonambient X-ray scattering experiments. J. Appl. Cryst. 
2008, 41, 822-824. 
130. Toby, B. H.; Von Dreele, R. B., GSAS-II: the genesis of a modern open-source all 
purpose crystallography software package. J. Appl. Crystallogr. 2013, 46 (2), 544-549. 
131. Coelho, A., TOPAS and TOPAS-Academic: an optimization program integrating 
computer algebra and crystallographic objects written in C++. J. Appl. Crystallogr. 2018, 51 (1), 
210-218. 
132. Hempelmann, R., Quasielastic Neutron Scattering and Solid State Diffusion. Oxford 
University Press: New York, 2000; p 1-304. 



 
 

247 

133. O’Malley, A. J.; Catlow, C. R. A., Sorbate Dynamics in Zeolite Catalysts. In Neutron 
Scattering - Applications in Biology, Chemistry, and Materials Science, Fernandez-Alonso, F.; 
Price, D. L., Eds. Elsevier: MA, 2017; Vol. 49, pp 349-398. 
134. Meyer, A.; Dimeo, R. M.; Gehring, P. M.; Neumann, D. A., The high-flux backscattering 
spectrometer at the NIST Center for Neutron Research. Review of Scientific Instruments 2003, 
74, 2759-2777. 
135. Copley, J. R. D.; Cook, J. C., The Disk Chopper Spectrometer at NIST: a new instrument 
for quasielastic neutron scattering studies. Chemical Physics 2003, 292, 477-485. 
136. Azuah, R. T.; Kneller, L. R.; Qiu, Y.; Tregenna-Piggott, P. L. W.; Brown, C. M.; Copley, 
J. R. D.; Dimeo, R. M., DAVE: A Comprehensive Software Suite for the Reduction, 
Visualization, and Analysis of Low Energy Neutron Spectroscopic Data. Journal of Research of 
the National Institute of Standards and Technology 2009, 114 (6), 341-358. 
137. Johnson, M. R.; Kearley, G. J., Dynamics of Atoms and Molecules. In Experimental 
Methods in the Physical Sciences, Lucatorto, T.; Parr, A. C.; Baldwin, K., Eds. Elsevier: CA, 
2013; Vol. 44. 
138. Jobic, H.; Renouprez, A.; Bee, M.; Poinsignon, C., Quasi-Elastic Neutron Scattering 
Study of the Molecular Motions of Methanol Adsorbed on H-ZSM-5. Journal of Physical 
Chemistry 1986, 90, 1059-1065. 
139. Matam, S. K.; O'Malley, A. J.; Catlow, C. R. A.; Suwardiyanto; Collier, P.; Hawkins, A. 
P.; Zachariou, A.; Lennon, D.; Silverwood, I.; Parker, S. F.; Howe, R. F., The effects of MTG 
catalysis on methanol mobility in ZSM-5. Catal. Sci. Technol. 2018, 8, 3304-3312. 
140. Hernandez-Tamargo, C.; O'Malley, A.; Silverwood, I. P.; Leeuw, N. H. d., Molecular 
behaviour of phenol in zeolite Beta catalysts as a function of acid site presence: a quasielastic 
neutron scattering and molecular dynamics simulation study. Catal. Sci. Technol. 2019, 9, 6700-
6713. 
141. Mitra, S.; Tripathy, A. K.; Gupta, N. M.; Mukhopadhyay, R., Molecular motions of 
benzene adsorbed in ZSM-5 zeolite: quasielastic neutron scattering study. Applied Physics A 
2002, 74, 1308–1310. 
142. Jobic, H.; Bee, M.; Dianoux, A. J., Quasi-elastic Neutron Scattering Study of Benzene 
Adsorbed in ZSM-5. Journal of the Chemical Society, Faraday Transactions 1 1989, 89 (8), 
2525-2534. 
143. Tsapatsaris, N.; Kolesov, B. A.; Fischer, J.; Boldyreva, E. V.; Daemen, L.; Eckert, J.; 
Bordallo, H. N., Polymorphism of Paracetamol: A New Understanding of Molecular Flexibility 
through Local Methyl Dynamics. Molecular Pharmaceutics 2014, 11, 1032-1041. 
144. Bordallo, H. N.; Zakharov, B. A.; Boldyreva, E. V.; Johnson, M. R.; Koza, M. M.; 
Seydel, T.; Fischer, J., Application of Incoherent Inelastic Neutron Scattering in Pharmaceutical 
Analysis: Relaxation Dynamics in Phenacetin. Molecular Pharmaceutics 2012, 9, 2434−2441. 
145. Zorn, R., Neutron spectroscopy for confinement studies. The European Physical Journal 
Special Topics 2010, 189, 65-81. 
146. Connor, E. M.; Sperling, R. S.; Gelber, R.; Kiselev, P.; Scott, G.; O'Sullivan, M. J.; 
VanDyke, R.; Bey, M.; Shearer, W.; Jacobson, R. L.; Jimenez, E.; O'Neill, E.; Bazin, B.; 
Delfraissy, J.-F.; Culnane, M.; Coombs, R.; Elkins, M.; Moye, J.; Stratton, P.; Balsley, J., 
Reduction of Maternal-Infant Transmission of Human Immunodeficiency Virus Type 1 with 
Zidovudine Treatment. The New England Journal of Medicine 1994, 331 (18), 1173-1180. 
147. Lai, C.-L.; Gane, E.; Liaw, Y.-F.; Hsu, C.-W.; Thongsawat, S.; Wang, Y.; Chen, Y.; 
Heathcote, E. J.; Rasenack, J.; Bzowej, N.; Naoumov, N. V.; Di Bisceglie, A. M.; Zeuzem, S.; 



 
 

248 

Moon, Y. M.; Goodman, Z.; Chao, G.; Constance, B. F.; Brown, N. A., Telbivudine versus 
Lamivudine in Patients with Chronic Hepatitis B. The New England Journal of Medicine 2007, 
357 (25), 2576-2588. 
148. Gerdil, R., The crystal structure of thymine monohydrate. Acta Crystallographica 1961, 
14, 333-344. 
149. Perrier, P.; Byrn, S. R., Influence of crystal packing on the solid-state desolvation of 
purine and pyrimidine hydrates: loss of water of crystallization from thymine monohydrate, 
cytosine monohydrate, 5-nitrouracil monohydrate, and 2'-deoxyadenosine monohydrate. J. Org. 
Chem. 1982, 47 (24), 4671-4676. 
150. Ozeki, K.; Sakabe, N.; Tanaka, J., The crystal structure of thymine. Acta 
Crystallographica Section B Structural Crystallography and Crystal Chemistry 1969, 25, 1038-
1045. 
151. Portalone, G.; Bencivenni, L.; Colapietro, M.; Pieretti, A.; Ramondo, F.; Møller, J.; 
Senning, A.; Yao, X.-K.; Wang, H.-G.; Tuchagues, J.-P.; Ögren, M., The Effect of Hydrogen 
Bonding on the Structures of Uracil and Some Methyl Derivatives Studied by Experiment and 
Theory. In Acta Chemica Scandinavica, 1999; Vol. 53, pp 57-68. 
152. Barnett, S. A.; Hulme, A. T.; Issa, N.; Lewis, T. C.; Price, L. S.; Tocher, D. A.; Price, S. 
L., The observed and energetically feasible crystal structures of 5-substituted uracils. New 
Journal of Chemistry 2008, 32, 1761. 
153. Chennuru, R.; Muthudoss, P.; Ramakrishnan, S.; Mohammad, A. B.; Ravi Chandra Babu, 
R.; Mahapatra, S.; Nayak, S. K., Preliminary studies on unusual polymorphs of thymine: 
Structural comparison with other nucleobases. Journal of Molecular Structure 2016, 1120, 86-
99. 
154. Watts, T. A.; Miehls, E. K.; Swift, J. A., Time-Resolved Cooperative Motions in the 
Solid-State Dehydration of Thymine Hydrate. Crystal Growth and Design 2020, 20, 7941-7950. 
155. Nunes, C.; Mahendrasingam, A.; Suryanarayanan, R., Investigation of the Multi-Step 
Dehydration Reaction of Theophylline Monohydrate Using 2-Dimensional Powder X-ray 
Diffractometry Pharm. Res. 2006, 23 (10), 2393-2404. 
156. Fujii, K.; Aoki, M.; Uekusa, H., Solid-State Hydration/Dehydration of Erythromycin A 
Investigated by ab Initio Powder X-ray Diffraction Analysis: Stoichiometric and 
Nonstoichiometric Dehydrated Hydrate. Cryst. Growth Des. 2013, 13 (5), 2060-2066. 
157. Boetker, J. P.; Rantanen, J.; Arnfast, L.; Doreth, M.; Raijada, D.; Loebmann, K.; Madsen, 
C.; Khan, J.; Rades, T.; Müllertz, A.; Hawley, A.; Thomas, D.; Boyd, B. J., Anhydrate to hydrate 
solid-state transformations of carbamazepine and nitrofurantoin in biorelevant media studied in 
situ using time-resolved synchrotron X-ray diffraction. Eur. J. Pharm. Biopharm. 2016, 100, 
119-127. 
158. Khawam, A.; Flanagan, D. R., Role of isoconversional methods in varying activation 
energies of solid-state kinetics I. Isothermal kinetic studies. Thermochimica Acta 2005, 429, 93-
102. 
159. Galwey, A. K., Structure and order in thermal dehydrations of crystalline solids. 
Thermochimica Acta 2000, 355, 181-238. 
160. Koradia, V.; de Diego, H. L.; Elema, M. R.; Rantanen, J., Integrated Approach to Study 
the Dehydration Kinetics of Nitrofurantoin Monohydrate. J. Pharm. Sci. 2010, 99 (9), 3966-
3976. 



 
 

249 

161. Zhou, D.; Schmitt, E. A.; Zhang, G. G.; Law, D.; Wight, C. A.; Vyazovkin, S.; Grant, D. 
J., Model-free treatment of the dehydration kinetics of nedocromil sodium trihydrate. J. Pharm. 
Sci. 2003, 92 (7), 1367-1376. 
162. Vippagunta, S. R.; Brittain, H. G.; Grant, D. J. W., Crystalline solids. Adv. Drug Deliv. 
Rev 2001, 48 (1), 3-26. 
163. Vogt, F. G.; Brum, J.; Katrincic, L. M.; Flach, A.; Socha, J. M.; Goodman, R. M.; 
Haltiwanger, R. C., Physical, Crystallographic, and Spectroscopic Characterization of a 
Crystalline Pharmaceutical Hydrate:  Understanding the Role of Water. Cryst. Growth Des. 
2006, 6 (10), 2333-2354. 
164. Guinier, A.; Bokij, G. B.; Boll-Dornberger, K.; Cowley, J. M.; Durovic, S.; Jagodzinski, 
H.; Krishna, P.; de Wolff, P. M.; Zvyagin, B. B.; Cox, D. E.; Goodman, P.; Hahn, T.; Kuchitsu, 
K.; Abrahams, S. C., Nomenclature of polytype structures. Report of the International Union of 
Crystallography Ad hoc Committee on the Nomenclature of Disordered, Modulated and 
Polytype Structures. Acta Crystallographica Section A 1984, 40 (4), 399-404. 
165. Horike, S.; Shimomura, S.; Kitagawa, S., Soft Porous Crystals. Nature Chemistry 2009, 
1, 695-704. 
166. Canivet, J.; Fateeva, A.; Guo, Y.; Coasne, B.; Farrusseng, D., Water adsorption in MOFs: 
fundamentals and applications. Chemical Society Reviews 2014, 43 (16), 5594-5617. 
167. Burtch, N. C.; Jasuja, H.; Walton, K. S., Water Stability and Adsorption in Metal–
Organic Frameworks. Chemical Reviews 2014, 114 (20), 10575-10612. 
168. Serre, C.; Millange, F.; Thouvenot, C.; Nogues, M.; Marsolier, G.; Louer, D.; Ferey, G., 
Very Large Breathing Effect in the First Nanoporous Chromium(III)-Based Solids: MIL-53 or 
CrIII(OH)‚{O2C-C6H4-CO2}‚{HO2C-C6H4-CO2H}x‚H2Oy. Journal of the American 
Chemical Society 2002, 124, 13519-13536. 
169. Galwey, A. K., Structure and order in thermal dehydrations of crystalline solids. 
Thermochim. Acta 2000, 355, 181-238. 
170. Petit, S.; Coquerel, G., Mechanism of Several Solid-Solid Transformations between 
Dihydrated and Anhydrous Copper(II) 8-Hydroxyquinolinates. Proposition for a Unified Model 
for the Dehydration of  Molecular Crystals. Chem. Mater. 1996, 8, 2247-58. 
171. Morris, K. R., Structural aspects of hydrates and solvates. In Polymorphism in 
Pharmaceutical Solids, Brittain, H. G., Ed. Marcel Dekker, Inc.: New York, 1999; pp 125-181. 
172. Basford, P. A.; Cameron, C. A.; Cruz-Cabeza, A. J., Conformational Change Initiates 
Dehydration in Fluconazole Monohydrate. Crystal Growth and Design 2020, 20 (9), 6044-6056. 
173. Akiyama, G.; Matsuda, R.; Sato, H.; Hori, A.; Takata, M.; Kitagawa, S., Effect of 
functional groups in MIL-101 on water sorption behavior. Microporous and Mesoporous 
Materials 2012, 157, 89-93. 
174. Biswas, S.; Ahnfeldt, T.; Stock, N., New Functionalized Flexible Al-MIL-53-X (X = -Cl, 
-Br, -CH3, -NO2, -(OH)2) Solids: Syntheses, Characterization, Sorption, and Breathing 
Behavior. Inorganic Chemistry 2011, 50 (19), 9518-9526. 
175. Reinsch, H.; van der Veen, M. A.; Gil, B.; Marszalek, B.; Verbiest, T.; de Vos, D.; Stock, 
N., Structures, Sorption Characteristics, and Nonlinear Optical Properties of a New Series of 
Highly Stable Aluminum MOFs. Chemistry of Materials 2013, 25 (1), 17-26. 
176. Wang, Z.; Cohen, S. M., Postsynthetic modification of metal–organic frameworks. 
Chemical Society Reviews 2009, 38 (5), 1315-1329. 
177. Friedman, H. L., New methods for evaluating kinetic parameters from thermal analysis 
data. Polymer Letters 1969, 7, 41-46. 



 
 

250 

178. Bondi, A., van der Waals Volumes and Radii. The Journal of Physical Chemistry 1964, 
68 (3), 441-451. 
179. Stewart, R. F.; Jensen, L. H., Redetermination of the crystal structure of uracil. Acta 
Crystallographica 1967, 23 (6), 1102-1105. 
180. Berkovitch-Yellin, Z.; Van Mil, J.; Addadi, L.; Idelson, M.; Lahav, M.; Leiserowitz, L., 
Crystal morphology engineering by "tailor-made" inhibitors; a new probe to fine intermolecular 
interactions. Journal of the American Chemical Society 1985, 107 (11), 3111-3122. 
181. Weissbuch, I.; Addadi, L.; Leiserowitz, L., Molecular Recognition at Crystal Interfaces. 
Science 1991, 253, 637-645. 
182. Copley, R. C. B.; Barnett, S. A.; Karamertzanis, P. G.; Harris, K. D. M.; Kariuki, B. M.; 
Xu, M.; Nickels, E. A.; Lancaster, R. W.; Price, S. L., Predictable Disorder versus Polymorphism 
in the Rationalization of Structural Diversity: A Multidisciplinary Study of Eniluracil. Crystal 
Growth and Design 2008, 8 (9), 3474-3481. 
183. Watts, T. A.; Price, L. S.; Price, S. L.; Niederberger, S. M.; Bertke, J. A.; Swift, J. A., 
The Crystal Structure of 5-Aminouracil and the Ambiguity of Alternative Polymorphs Israel 
Journal of Science 2021 submitted. 
184. Hubschle, C. B.; Sheldrick, G. M.; Dittrich, B., ShelXle: a Qt graphical user interface for 
SHELXL. Journal of Applied Crystallography 2011, 44, 1281-1284. 
185. Macrae, C. F.; Sovago, I.; Cottrell, S. J.; Galek, P. T. A.; McCabe, P.; Pidcock, E.; 
Platings, M.; Shields, G. P.; Stevens, J. S.; Towler, M.; Wood, P. A., Mercury 4.0: from 
visualization to analysis, design and prediction. Journal of Applied Crystallography 2020, 53 (1), 
226-235. 
186. Spek, A., Single-crystal structure validation with the program PLATON. Journal of 
Applied Crystallography 2003, 36 (1), 7-13. 
187. Spek, A. L., PLATON SQUEEZE: a tool for the calculation of the disordered solvent 
contribution to the calculated structure factors. Acta Crystallographica Section C 2014, C71, 9-
18. 
188. Khankari, R. K.; Grant, D. J. W., Pharmaceutical hydrates. Thermochimica Acta 1995, 
248, 61-79. 
189. Stahly, G. P., Diversity in Single- and Multiple-Component Crystals. The Search for and 
Prevalence of Polymorphs and Cocrystals. Crystal Growth and Design 2007, 7 (6), 1007-1026. 
190. van de Streek, J.; Motherwell, S., New software for searching the Cambridge Structural 
Database for solvated and unsolvated crystal structures applied to hydrates. CrystEngComm 
2007, 9, 55-64. 
191. Görbitz, C. H.; Hersleth, H.-P., On the inclusion of solvent molecules in the crystal 
structures of organic compounds. Acta crystallographica. Section B 2000, B56, 526-534. 
192. Werner, J. E.; Swift, J. A., Data mining the Cambridge Structural Database for hydrate–
anhydrate pairs with SMILES strings. CrystEngComm 2020, 22, 7290-7297. 
193. Toby, B. H.; Dreele, R. B. V., GSAS-II: the genesis of a modern open-source all purpose 
crystallography software package. Journal of Applied Crytallography 2013, 46, 544-549. 
194. Coelho, A. A., TOPAS-64. Bruker AXS, Coelho Software: Brisbane, 2016. 
195. Copley, R. C. B.; Deprez, L. S.; Lewis, T. C.; Price, S. L., Computational prediction and 
X-ray determination of the crystal structures of 3-oxauracil and 5-hydroxyuracil—an informal 
blind test. CrystEngComm 2005, 7 (69), 421-428. 



 
 

251 

196. Owen, S. C.; Rowe, R. C.; Sheskey, P. J., Handbook of pharmaceutical excipients / 
edited by Raymond C. Rowe, Paul J. Sheskey, Siân C. Owen. 5th ed. ed.; Pharmaceutical Press: 
London ;, 2006. 
197. Callahan, J. C.; Cleary, G. W.; Elefant, M.; Kaplan, G.; Kensler, T.; Nash, R. A., 
Equilibrium Moisture Content of Pharmaceutical Excipients. Drug Development and Industrial 
Pharmacy 1982, 8 (3), 355-369. 
198. Frank-Kamenetskii, M. D.; Mirkin, S. M., Triplex DNA Structures. Annual Review of 
Biochemistry 1995, 64 (1), 65-95. 
199. Rana, V. S.; Barawkar, D. A.; Ganesh, K. N., Molecular Recognition of 5-Amino-dU in 
the Central Strand of a DNA Triplex:  Formation of Triads A*U#:A in Parallel and G*U#:A in 
Antiparallel Motif. The Journal of Organic Chemistry 1996, 61 (11), 3578-3579. 
200. Rana, V. S.; Ganesh, K. N., 5-Amino-dU:  A Nucleoside Analogue in the Central Strand 
of DNA Triplex for Orientation Selective Binding of A/G/C/T in the Third Strand. Organic 
Letters 1999, 1 (4), 631-634. 
201. Rana, V. S.; Ganesh, K. N., Recognition of 5-aminouracil (U#) in the central strand of a 
DNA triplex: orientation selective binding of different third strand bases. Nucleic Acids Research 
2000, 28 (5), 1162-1169. 
202. Barawkar, D. A.; Ganesh, K. N., Solid phase synthesis of DNA containing 5-NH2-2′-
deoxyuridine. Bioorganic and Medicinal Chemistry Letters 1993, 3 (2), 347-352. 
203. Paragi, G.; Kupihár, Z.; Endre, G.; Fonseca Guerra, C.; Kovács, L., The evaluation of 5-
amino- and 5-hydroxyuracil derivatives as potential quadruplex-forming agents. Organic and 
Biomolecular Chemistry 2017, 15 (10), 2174-2184. 
204. Smith, H. H.; Fussell, C. P.; Kugelman, B. H., Partial Synchronization of Nuclear 
Divisions in Root Meristems with 5-Aminouracil. Science 1963, 142, 595-596. 
205. Campo, D.; Samaniego, R.; Giménez-Abián, J. F.; Giménez-Martín, G.; López-Sáez, J. 
F.; Díaz de la Espina, S. M.; De la Torre, C., G2 checkpoint targets late replicating DNA. 
Biology of the Cell 2003, 95 (8), 521-526. 
206. Shaker, R. M.; Elrady, M. A.; Sadek, K. U., Synthesis, reactivity, and biological activity 
of 5-aminouracil and its derivatives. Molecular Diversity 2016, 20 (1), 153-183. 
207. Wang, S. Y.; Schaefer, H. F., The small planarization barriers for the amino group in the 
nucleic acid bases. Journal of Chemical Physics 2006, 124 (4), 044303-044308. 
208. Clark, S. J.; Segall, M. D.; Pickard, C. J.; Hasnip, P. J.; Probert, M. J.; Refson, K.; Payne, 
M. C., First principles methods using CASTEP. Zeitschrift fur Kristallographie 2005, 220 (5-6), 
567-570. 
209. Tkatchenko, A.; Scheffler, M., Accurate Molecular Van Der Waals Interactions from 
Ground-State Electron Density and Free-Atom Reference Data. Physical Review Letters 2009, 
102 (7), 073005. 
210. Ambrosetti, A.; Reilly, A. M.; DiStasio, R. A.; Tkatchenko, A., Long-range correlation 
energy calculated from coupled atomic response functions. J Chem Phys 2014, 140 (18), 
18A508. 
211. Szatyłowicz, H.; Krygowski, T. M.; Hobza, P., How the Shape of the NH2 Group 
Depends on the Substituent Effect and H-Bond Formation in Derivatives of Aniline. The Journal 
of Physical Chemistry A 2007, 111 (1), 170-175. 
212. Alcolea Palafox, M.; Tardajos, G.; Guerrero-Martínez, A.; Rastogi, V. K.; Mishra, D.; 
Ojha, S. P.; Kiefer, W., FT-IR, FT-Raman spectra, density functional computations of the 



 
 

252 

vibrational spectra and molecular geometry of biomolecule 5-aminouracil. Chemical Physics 
2007, 340 (1), 17-31. 
213. Chandra, A. K.; Uchimaru, T.; Zeegers-Huyskens, T., Theoretical study on protonated 
and deprotonated 5-substituted uracil derivatives and their complexes with water. Journal of 
Molecular Structure 2002, 605 (2), 213-220. 
214. Whittleton, S. R.; Hunter, K. C.; Wetmore, S. D., Effects of Hydrogen Bonding on the 
Acidity of Uracil Derivatives. The Journal of Physical Chemistry A 2004, 108 (38), 7709-7718. 
215. Šponer, J.; Hobza, P., Nonplanar geometries of DNA bases. Ab initio second-order 
Moeller-Plesset study. The Journal of Physical Chemistry 1994, 98 (12), 3161-3164. 
216. Capelli, S. C.; Fortsch, M.; Burgi, H. B., Dynamics of molecules in crystals from multi-
temperature anisotropic displacement parameters. II. Application to benzene (C6D6) and urea 
[OC(NH)(2)]. Acta Crystallographica Section A - Foundations of Crystallography 2000, 56, 
413-424. 
217. Binns, J.; Healy, M. R.; Parsons, S.; Morrison, C. A., Assessing the performance of 
density functional theory in optimizing molecular crystal structure parameters. Acta 
Crystallographica Section B-Structural Science Crystal Engineering and Materials 2014, 70, 
259-267. 
218. van de Streek, J.; Neumann, M. A., Validation of experimental molecular crystal 
structures with dispersion-corrected density functional theory calculations. Acta 
Crystallographica Section B - Structural Science 2010, 66, 544-558. 
219. Habermehl, S.; Morschel, P.; Eisenbrandt, P.; Hammer, S. M.; Schmidt, M. U., Structure 
determination from powder data without prior indexing, using a similarity measure based on 
cross-correlation functions. Acta Crystallographica Section B 2014, 70 (2), 347-359. 
220. van der Lee, A.; Dumitrescu, D., Thermal expansion properties of organic crystals: a 
CSD study. Chemical Science 2021. 
221. LeBlanc, L. M.; Dale, S. G.; Taylor, C. R.; Becke, A. D.; Day, G. M.; Johnson, E. R., 
Pervasive Delocalisation Error Causes Spurious Proton Transfer in Organic Acid-Base Co-
Crystals. Angewandte Chemie-International Edition 2018, 57 (45), 14906-14910. 
222. Nyman, J.; Yu, L.; Reutzel-Edens, S. M., Accuracy and reproducibility in crystal 
structure prediction: the curious case of ROY. CrystEngComm 2019, 21 (13), 2080-2088. 
223. Hall, C. L.; Guo, R.; Potticary, J.; Cremeens, M. E.; Warren, S. D.; Andrusenko, I.; 
Gemmi, M.; Zwijnenburg, M. A.; Sparkes, H. A.; Pridmore, N. E.; Price, S. L.; Hall, S. R., Color 
Differences Highlight Concomitant Polymorphism of Chalcones. Crystal Growth and Design 
2020, 20 (10), 6346-6355. 
224. Khutia, A.; Rammelberg, H. U.; Schmidt, T.; Henninger, S.; Janiak, C., Water Sorption 
Cycle Measurements on Functionalized MIL-101Cr for Heat Transformation Application. 
Chemistry of Materials 2013, 25 (5), 790-798. 
225. Unruh, D. K.; Gojdas, K.; Libo, A.; Forbes, T. Z., Development of metal-organic 
nanotubes exhibiting low-temperature, reversible exchange of confined "ice channels". Journal 
of the American Chemical Society 2013, 135, 7398-401. 
226. Jayasinghe, A. S.; Payne, M. K.; Unruh, D. K.; Johns, A.; Leddy, J.; Forbes, T. Z., 
Diffusion and selectivity of water confined within metal–organic nanotubes. Journal of 
Materials Chemistry A 2018, 6 (4), 1531-1539. 
227. O’Malley, A. J.; Parker, S. F.; Chutia, A.; Farrow, M. R.; Silverwood, I. P.; ́ıa-Sakai, V. 
G.; Catlow, C. R. A., Room temperature methoxylation in zeolites: insight into a key step of the 
methanol-to- hydrocarbons process. Chem. Commun. 2016, 52, 2898-2900. 



 
 

253 

228. O’Malley, A. J.; Sakai, V. G. ı.; Silverwood, I. P.; Dimitratos, N.; Parker, S. F.; Catlow, 
C. R. A., Methanol diffusion in zeolite HY: a combined quasielastic neutron scattering and 
molecular dynamics simulation study. Physical Chemistry Chemical Physics 2016, 18, 17294-
17302. 
 

 


