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ABSTRACT 

 

The mechanical and structural properties of the anhydrous (UA) and the dihydrate (UAD) 

forms of uric acid crystals were investigated. UA, the more stable form, was found to have a 

substantially higher Young’s modulus and hardness than UAD.  Load–displacement curves and 

AFM post-indent images revealed slip planes in preferred crystallographic directions and oriented 

crack formation at higher loads.  UAD exhibited substantial creep and some “self-healing” in 

response to quick and shallow indents. 

A correlation between the mechanical properties and defect densities was also established 

in both phases.  Methylene blue (MB) and Bismarck brown Y (BBY) additives inclusion in single 

crystals was used as a means to intentionally create quantifiable defects.  The observed trends in 

UA indicate two competing effects which are a function of defect concentration. Growth sectors 

with the lowest % inclusion had a lower modulus than pure UA due to increased dislocation 

movement at defect sites.  At defect concentrations above a critical threshold, material 

strengthening was observed as a result of impeding such motion. Statistical analysis of the pop-ins 

observed on samples with different dye concentrations corroborates the dislocation-governed 

strengthening mechanisms.  Macro-defects including Carlsbad-type twinning were also observed 

in UA-BBY.  
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In a comparison of UAD and UAD-BBY, kinetic modeling suggested both dehydrate via 

similar solid-state mechanisms, though SEM showed the dehydrated phases have different 

topographies.  The increased thermal stability and modulus of UAD-BBY compared to UAD 

suggests that BBY dopants likely serve as both a physical block to water loss and reinforce the 

host lattice dimensions, delaying collapse to the anhydrous lattice. 

UAD crystals grown from DI water (UAD-W) and artificial urine (UAD-U) were found to 

have microstructural differences. In situ AFM dissolution studies on (001) revealed UAD-W 

surfaces are smooth and faceted, reflecting classical layer-by-layer assembly, while UAD-U 

surfaces showed large granular regions, suggesting non-classical assembly by colloidal precursors. 

Dynamic light scattering in supersaturated urine confirmed the presence of  ~200 nm particles, 

which are similar in size to the grain sizes observed by AFM.   
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1. Introduction 

             Establishing the correlation between structure and properties has been one of the central 

goals of crystal engineering.  This is typically done in organic systems by the empirical analysis 

of multiple crystals forms.  Different forms have different physical properties which means form 

screening is typically needed to identify the optimal phase for its use in practice.  Physical 

properties of interest include morphology, particle size, solubility, thermal stability, and 

mechanical properties.  For example, solubility is of great importance to the pharmaceutical 

industry. Mechanical properties are also fundamentally important to the formulation and 

manufacturing of drug substances.  

             The type and concentration of defects are also known to play a critical role in the properties 

exhibited by crystalline materials.  For example, doping is an established method in the 

semiconductor industry to tune the band gap.1,2 Defects play a key role in graphene 

physicochemical properties and could be exploited to innovative and create useful materials and 

devices.3  A correlation between defect densities and mechanical properties is also well known in 

metallurgy and the principle behind alloying is that an added impurities can provide impediments 

to the dislocation motion, hence increase the resistance to plastic flow raising the hardness of the 

material.4  Impurity inclusion during biomineralization processes also plays a large role on the 

mechanical properties of the resultant materials.  Biominerals formed in nature adopt varied 

morphologies and superior properties which inspire scientists to develop new synthesis routes.  

Though common for inorganic systems and metals, the intentional inclusion of impurities to 

generate defects is less commonly pursued in tailoring the properties of organic molecular crystals.  

The crystallization of organic compounds is largely regarded as a purification process, and high 
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purity is the de facto goal.  Larger scale crystal defects such as twinning are also commonly 

observed in molecular crystals, though twinning is usually viewed a consequence of growth rather 

than a response to other structural forces.   

          This thesis examines the properties of uric acid crystals grown under a variety of different 

conditions.  Uric acid is a metabolic product of purine metabolism, but it has low aqueous solubility.  

It is known to crystallize in a variety of phases under physiologic conditions, including anhydrous 

and hydrated forms of the acid and a variety of salts of the ionized urate.  In humans, the deposition 

of uric acid in joints and the urinary tract can lead to gout and kidney stones, respectively. Here 

we examine the optical, thermal and mechanical properties of anhydrous uric acid (UA) and uric 

acid dihydrate (UAD) crystals grown under different solution conditions.  The two forms have 

similar 2-dimensional layer structures which makes them an ideal pair for discerning the role of 

water on the mechanical properties.  We also show that the mechanical properties of each phase 

can be significantly modified through the intentional inclusion of impurities and defect generation.  

The following sections provide a general overview of molecular crystals, crystallization, uric acid 

and the materials science of organic crystals. 

 

1. 1 Molecular Crystals 

          Molecular crystals are crystalline solids that consist of discrete molecules. Cohesive forces 

holding them together are typically van der Waals forces: dipole-dipole forces, London dispersion 

forces and hydrogen bonding.  Molecular crystals have wide commercial uses, with applications 

in pharmaceutical, explosives, cosmetics, and agriculture industries. The crystal properties 

exhibited arise from a combination of factors including the molecular structure, crystal lattice, the 
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presence of impurities / defects within the lattice and even crystal size and shape.  In the context 

of pharmaceuticals, even though amorphous phases have better solubility, their lower chemical 

stability and innate tendency to crystallize make most marketed pharmaceuticals crystalline 

solids.5  

          Molecules in a crystal have a fixed number of conformations (usually 1-2) which repeat in 

3-D to form distinct patterns.  Such patterns are determined by the crystal lattice and the symmetry 

elements within it.  Each molecule in the interior of a crystal exists in an identical environment, 

though molecules on the surface have fewer nearest neighbors. When molecules crystallize in 

different forms that have identical chemical compositions but different 3-D lattices, they are 

referred to as polymorphs. Molecules can also crystallize with a second component in a 

stoichiometric ratio.  The second component can be water (hydrate) or another solvent (solvate) or 

a molecule that is a solid at room temperature (cocrystal).   If the two components are charged, it 

is called a salt.  Hydrates, solvates, cocrystals and salts can also be polymorphic.  The multiple 

component systems are also sometimes called molecule adducts.6  

          Polymorphs have the same chemical composition but different 3-D lattices.  The formation 

of polymorphs is governed by both kinetics as well as the underlying thermodynamics of the 

system, with each form having a distinct Gibbs free energy, enthalpy, and entropy.  Based on their 

thermodynamic relationships, any pair of polymorphs can be classified as either monotropic or 

enantiotropic, depending on whether or not one form can transform to another reversibly.7  When 

a pair of polymorphs have a mutual transition temperature that is less than the melting point of 

either polymorph, they are enantiotropic polymorphs. Monotropic polymorphs do not have a 

mutual transition temperature.  Polymorphs exhibit differences in their properties such as solubility, 
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dissolution rate, melting point, hardness and so forth.8  Interconversions of these physical forms 

can influence and impose issues to the processing which is why the detection, quantification and 

control of phase changes is important.9–11  

          Salts are composed of a pair of positive and negative ions. Salt formation is a long-

established approach in drug development for improving drug performance, bioavailability, 

stability, manufacturability.12   Two thirds of active pharmaceutical ingredients (APIs) are 

ionizable as they are weakly acidic or basic entities, and salt formation opens great possibilities to 

alter the physicochemical properties of the drug by retaining the molecular structure and the mode 

of action of the API.13,14  Over half of the commercially-administered oral drugs are in salt form 

because salts are generally more soluble in aqueous solution than their uncharged counterparts.  

The most common counterions for acidic molecules are sodium, calcium and potassium with 

sodium being the predominant one.  For basic molecules, chloride is most often employed as the 

counterion.15  

 Cocrystals have been reported for over a century, but they did not begin to attract 

significant attention in the pharmaceutical industry until ~ the 1990s.16,17  For researchers in this 

field, this term usually refers to a crystal composed of two different nonsolvent molecules, one as 

the active ingredient and the second excipient molecule as the co-former in a stoichiometric ratio.  

The increased interest in cocrystals has been attributed to the fact that they offer new packing 

arrangements beyond what is possible with single component polymorphs.18 Examples of 

cocrystallized drugs include ibuprofen, carbamazepine, itraconazole, etc.19–21 Those studies 

showed that compared with the marketed product, cocrystal can have more favorable dissolution 

properties.  It provides a viable alternative to formulated solid oral products. 
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         Hydrates are a subcategory of solvates in which water is an integral part of the crystal lattice 

along with the host elements.  In the latest Cambridge Structural Database (2019, V5.40),22 there 

are about 35180 hydrates (organic molecule) out of in total 957,868 structures.  Organic hydrates 

are typically classified into 3 categories based on the local environment of the water molecules: 

isolated hydrates, channel hydrates and metal-ion coordinated hydrates.23,24  Hydrate formation 

has been ascribed to several factors.  One hypothesis is that water fills space in cases where the 

organic component has a shape rendering it incapable of forming closely packed structures.25  In 

some cases, the water molecules are integral to the formation of extended hydrogen bond networks 

and may help to stabilize the crystal lattice by redressing a donor/acceptor imbalance.26  Water can 

also be difficult to entirely eliminate from other solvents.    

          It has been estimated that approximately 1/3 of pharmaceutical molecules can form 

crystalline hydrates.23  Importantly, hydrated and anhydrous forms differ in their thermodynamic 

activity, solubility, dissolution rate, stability and bioavailability. The anhydrous form of a 

substance is generally expected to be more soluble (less stable) than the hydrate above the critical 

water activity for hydrate formation.27–29 However, some hydrates are more soluble in water than 

the corresponding anhydrates, e.g. LY334370 HCl,29 12 N-{[(5S)-3-(4-{6-[(1R,5S)-6-cyano-3-

oxabicyclo[3.1.0]hex-6-yl]pyridin-3-yl}phenyl)-2-oxo-1,3-oxazolidin-5 yl]methyl}acetamide,30 

norfloxacin31 and in our own case here, uric acid.  

          The relative stability of any pair of anhydrous and hydrated phases is similar to that of 

polymorphs.  However, because the chemical composition of the forms is not the same, in addition 

to temperature and pressure, the relative stability also depends strongly on the water activity of the 

medium.  When hydrates are thermodynamically possible, the relative stability of the two forms 
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in solution may be constant over a wide practical range of working conditions.  In other cases, the 

relative stability of the two switches.  Changes in solvent composition can have a large effect on 

the transition point between the two phases in solution, though usually hydrates become more 

stable at lower temperatures.32–34  Some examples of marketed pharmaceutical hydrates are 

ciprofloxacin hexahydrate, morphine hydrochloride hydrate, azithromycin dihydrate, naloxone 

hydrochloride dihydrate and rosiglitazone maleate hydrate.35–38 

          When hydrates of pharmaceuticals are thermodynamically favored and stable under ambient 

conditions, there is often motivation to formulate the API in the hydrated form.  Otherwise, 

formulation of a more soluble anhydrous phase might spontaneously convert to the hydrate over 

time either during storage or in vivo after ingestion.  Either scenario would significantly alter the 

drug’s solubility.  Conversely, the agrochemical industry has quite the opposite approach for 

hydrates.  Low solubility is favored for herbicides so they can remain on the crops for as long as 

possible without being washed away by rain.39  

          Dehydration of hydrated phases becomes an important subject especially when they are not 

the stable form under ambient conditions – i.e., they will spontaneously lose water to become 

dehydrated.  This type of phase transition and water dynamics have been investigated for a variety 

of compounds covering a wide range of applications.40–44   In some cases, multiple hydrated phases 

are possible, with each having a different thermodynamic stability and dehydration rate.45,46  This 

topic remains a challenge and there are a limited number of studies in the literature reporting how 

this happens mechanistically for organic molecular crystals47–49 with structural information such 

as where the water molecules exit the lattice, the product phase of the dehydration reaction, as well 

as factors that can alter this process. 
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1.2 Crystallization 

          The driving force for crystallization is the Gibbs free energy differences between the crystals 

and the saturated solution.  Supersaturation may be introduced by cooling, evaporation of solvent, 

antisolvent addition, pH change, varying concentration and temperature change.50  For many years, 

all crystallization from supersaturated solutions was thought to occur via “classical crystallization” 

in which two steps occur: the formation of stable structured nuclei (nucleation) and the attachment 

of new molecules to the nuclei surfaces (growth).  More recent work51–53 has shown that “non-

classical crystallization” pathways are operative in which clusters or aggregates form in solution 

which later coalesce and fuse to yield crystals.  Both mechanisms are described below.   

 

1.2.1 Classical Crystallization 

          Nucleation determines many aspects of the product (e.g. the number of particles, particle 

size, and physical form) of crystallization54–56 and can be divided into two classes. Homogeneous 

nucleation occurs without the presence of foreign surfaces, and heterogeneous nucleation occurs 

on existing surfaces.57  The theory of homogeneous nucleation assumes that molecules move 

around in the solution constantly colliding with each other and in some collisions the molecules 

bind together favorably and begin to form a nucleus to further build upon.58  The critical nuclei 

size is the minimum size that supports the subsequent growth without disintegration/breaking apart 

of the nucleus.  The formation of the surface consumes energy whereas the formation of bulk 

nuclei releases energy.  As these energy requirements are met, growth of the nucleus will proceed.  

          Classical nucleation theory originated from the modeling of water vapor condensation - 

excess vapor nucleates to form small water droplets when temperature decreases.  The free energy 
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change associated with the homogenous nucleation process may be considered as follows. The 

overall free energy difference, ΔG, between a small solid particle of solute (a sphere, with radius 

r for simplicity) and the solute in solution can be expressed as a sum of two terms, ΔGS and ΔGV 

–  the free energy change of the surface and of the bulk, respectively.  ΔGS, the excess free energy 

between the surface of the particle and the bulk of the particle, is a positive quantity and 

proportional to r2.  ΔGV, the excess free energy between a very large particle (r= ∞) and the solute 

in solution, is a negative quantity proportional to r3. Thus, we have the equation:                                     

                                                             ΔG = ΔGS + ΔGV                                                                                                    

                                                                            = 4𝜋𝑟2γ +  
4

3
𝜋𝑟3Δ𝐺𝑣                                                       (1.1) 

where γ is the interfacial tension, and ΔGv is the free energy change of the transformation per unit 

volume.  Interfacial tension is between the developing crystalline surface and the supersaturated 

solution in which it is located.  These two terms are of opposite sign and both depend on the radius, 

r. The sum, ΔG has a maximum at a certain r value, which represents the critical nucleus.  This 

value rc is obtain by maximizing equation (1.2), setting the derivative dΔG/dr equal to 0: 

                                                       
𝑑ΔG

𝑑𝑟
= 8𝜋rγ + 4𝜋𝑟2Δ𝐺𝑣 = 0                                               (1.2) 

Therefore, 

                                                                        𝑟𝑐 =  
−2γ

Δ𝐺𝑣
                                                                     (1.3) 
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Figure 1.1 Free energy diagram for nucleation depicting the existence of a ‘critical nucleus’. 

 

          Once a stable nucleus has formed, the growth process begins. Solution growth is the most 

common way to obtain organic molecular crystals and normally the method of choice in industrial 

processes for purification.35,59  To better understand the kinetics and mechanisms involved in the 

process of crystal growth, various theories60–63 have been proposed such as the surface energy 

theory, diffusion theory, surface adsorption theory and screw dislocation theory.  Adsorption layer 

theory was developed by Kossel, Stranski and Volmer (KSV theory) who first recognized 

recognize the role of surface discontinuities (e.g. steps and kink sites) as nucleation sites.60,64,65  

The drawback of this theory is that it provides an incomplete explanation for the continuous growth 

of a crystal surface.  Once a growing kink site reaches the edge of the crystal, it no longer functions 

as a low energy nucleation site.  An explanation for the continuous growth at low supersaturation 
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was given by Frank.61  He showed that crystal dislocations could provide the step sources required 

for continuous growth.  A theory of crystal growth including the mechanism of step generation 

and transport into the steps was given by Burton, Cabrera and Frank – screw dislocation theory 

(BCF theory).62  The BCF theory predicts that the growth rate is proportional to the square of the 

supersaturation at low supersaturation and linearly dependent on supersaturation at higher 

supersaturation. The calculated growth rate is found in good agreement with observations and the 

spiral growth patterns which have been observed on a large number of crystals grown by different 

methods.66–69 

 

1.2.2 Non-classical Crystallization  

          Non-classical crystallization pathways are more often seen in complex growth media.52,70–

77 Experimental findings show there are intermediates and physical changes that are not aligned 

with the classical assembly model, i.e. ion/ion, molecule/molecule attachment.  Theories for these 

non-classical pathways were proposed by Gower, who first suggested the amorphous precursor 

pathway for biomineralization.78  There are also other non-classical crystallization pathways, 

including the interesting mesocrystal assembly system.79  A  review by De Yoreo et al. summarizes 

the non-classical pathways and generalizes them as crystallization by particle attachment (CPA) 

illustrated in Figure 1.2.51  Particle based pathways affect morphology, nonequilibrium symmetry, 

internal distribution of impurities, among other defects.  Thus, the stability, mechanical properties, 

optical properties, surface adsorption, catalytic actively may be affected. 
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Figure 1.2. Pathways to crystallization by particle attachment. Reproduced with permission 

from Jim De Yoreo et al.51 

 

           There are a few systems where CPA has been demonstrated unequivocally.  Static images 

showing apparent assemblies of particles are the usual accepted evidence for CPA via oriented 

attachment. Electron microscopy, particularly cryogenic TEM has been a valuable tool for 

characterizing features associated with CPA.80–82  It has been suggested that the granular texture 

of biogenic minerals, first reported by Dauphin in cephalopod shells, and then on a series of 

biominerals including mollusk shells, coral skeletons, echinoderm skeletons, sponge spicules, 

brachiopod shells, and crustacean cuticles, reflect their assembly via aggregation of nanosphere 

particles.83 Branched and chainlike morphologies that defy expectations based on crystal 

symmetry are also indicators of CPA in both secondary particles and fully formed crystals. While 

external morphology, microstructure and texture provide important evidence of attachment-based 
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growth, it is suggested that a holistic suite of characterization techniques such as combinations of 

direct imaging, scattering, and spectroscopy is important to building a strong case for CPA.  

Despite the structural diversity of the particles involved in CPA, key features of many 

crystallization pathways can be understood by considering the interplay of thermodynamics and 

kinetics.  The free energy landscapes determine the thermodynamic preference for the structure, 

shape and size distribution of particles at different stages of assembly.  Reaction dynamic processes, 

such as monomer and particle diffusion determine whether this set of preferences occurs.  

          Other factors that can alter the crystallization pathway include impurities and surfaces.  In 

vitro studies have shown that macromolecules, particularly those with acidic side-chains such as 

polyacrylic acid, aspartic and glutamic acid-rich (poly)peptides and proteins, can stabilize 

amorphous calcium carbonate precursors,84 increase induction times,85 induce the formation of 

dense liquid phases,86 and modify crystal size and shape.87  Mechanisms of nanoparticle alignment 

by macromolecules have been proposed, including directed nucleation or attachment in a pre-

aligned organic matrix (e.g. collagen or chitin), or alignment through physical interactions.84,88  

The presence of a foreign surface can significantly change the crystallization pathway because of 

its ability to lower the barrier for nucleation by reducing the interfacial free energy.70,89  For 

example, the rate of heterogeneous nucleation of calcite on functionalized surfaces was predicted 

to be 20 orders of magnitude higher than that of homogeneous nucleation.52,89  The presence of 

some interfaces can be redirected to the classical monomer by monomer process although 

pathways via precursor phases and particle aggregation may dominate in a system free of 

preexisting interfaces.51  Non-classical pathways for molecular crystals should be attached with 
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importance and is set to draw more attention.  Specifically, it has been addressed in a few recent 

studies91  and is also observed with uric acid under some solution conditions.  

 

1.2.3 Biomineralization 

       Biomineralization is the process by which living organisms produce minerals. A few 

examples suffice to manifest their significance: bones, teeth and shells. There are also examples 

of undesirable biomineral formation, such as urinary calculi.  Understanding how organisms 

assemble such complex materials over different length and time scales in a way that results in 

unique morphologies and specific optimized materials properties (e.g. optical and mechanical 

properties) is the inspiration for many biomimetic studies.92,93  Biominerals are often characterized 

by their unusual shapes which are not associated with the crystal symmetry and do not exhibit 

stable crystal faces.  Studies have shown that this is likely related to the presence of intracrystalline 

organic molecules.  Early studies on various sea organisms also reported that biominerals have 

their own unique substructures not seen in their synthetic counterparts.94,95  

Biominerals often possess unique mechanical properties that surpass synthetic ones.  For 

example, the spines of sea urchins were reported to have peculiar behavior in fracture experiments 

in 1969.96  Whereas non-biogenic calcite was known to fracture preferentially along its {104} 

cleavage planes, sea urchin’s spines underwent fracture during cracking and exhibited surfaces 

similar to that of amorphous glass.97  Herman et al. 97 demonstrated that the property differences 

exhibited by single-crystalline biominerals and their synthetic counterparts are due to their 

incorporation of organic matter.  In a comparison of the mechanical strength of synthetic and 

biogenic calcite, biogenic calcite exhibited higher strength and better resistance to cracks as shown  
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by indentation experiments.98  Biogenic calcite is a complex material with organic constituents 

incorporated in the lattice as seen through a cross sectional image of a mollusk showing prismatic 

and nacre layers. It has been reported that the incorporation of amino acids in calcite increased its 

hardness.99  A model biomineral made from calcite single crystals containing glycine (7 mol%) or 

aspartic acid (4 mol%) exhibited values equivalent to their biogenic counterparts. 

Pokroy and Zolotoyabko examined the lattice of biogenic crystals using synchrotron based high 

resolution powder XRD100 and Rietveld refinement methods to determine the lattice parameters of 

biogenic crystals with the best precision.  The biogenic crystals (aragonite) lattice was found to be 

anisotropically distorted.100,101  Anisotropic sea urchin spines were analyzed by a synchrotron and 

these exhibited a decrease in coherence length and an increase in peak widths93,102  It is desirable 

to have a direct view of microstructures, but imaging a minor organic component in an inorganic 

crystalline host is challenging.  AFM can image the surface as the crystal grows and electron 

tomography helps in seeing of how those biomolecules are arranged below the surface.103–105  For 

instance, intracrystalline molecules were visualized as “vesicles” encapsulating oriented 

nanogranules/nanotablets of calcium carbonate.106  Solid-state nuclear magnetic resonance is a  

powerful technique used to study the local environment of biomolecules in minerals.107  An  

important finding is that organisms increase the kinetics of crystal growth, as illustrated and 

investigated in the case of calcite growth modified by nanomolar levels of abalone nacre 

proteins.108  While progress has been made for a better understanding of biomineral formation in 

inorganic systems,109–111 the biomineralization of organic phases has received less attention to date.  

There exists many organic deposits, for example guanine112 in reflective materials,  cystine113  and 

uric acid in kidney stones, cholesterol114 in arterial plaques, etc.115  This class of materials has been 
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of particular interest to our group for many years, though this is the first time the mechanical 

properties of uric acid have been explored in detail as a function of assembly mechanism and 

impurity inclusion.  

 

1.3 Uric Acid 

          Uric acid (Figure 1.3) is a metabolic product derived from purines. Purines perform 

important functions in the cell, serving as precursors of nucleic acids, DNA and RNA, and 

modulating energy metabolism and signaling transduction.116  Most mammals have uricase, an 

enzyme that converts acid to allantoin which is more soluble and easily eliminated through 

urine.116  However, this enzyme in human has been deactivated through a series of mutations. It is 

not known why evolution favored loss of enzyme activity, but it has been postulated that uric acid 

may have anti-oxidant properties which convey some health benefits related to aging.117  In one 

study, uric acid was found to play a crucial role in oxidant and radical-caused aging and cancer 

providing an antioxidant defense.117  The overproduction or underexcretion of uric acid can lead 

to hyperuricemia, a medical condition clinically defined as a serum urate level of  >7 mg/dL, the 

level at which plasma is supersaturated with urate.118  Hyperuricemia is a necessary but insufficient 

prerequisite for the biomineralization of uric acid in vivo, which is associated with gout and/or 

uric acid kidney stone formation. 
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Figure 1.3. Uric acid molecule. 

 

1.3.1 Uric Acid and Disease 

 Gout is a type of inflammatory arthritis due to the deposition of uric acid crystals (in the 

form of monosodium urate monohydrate119) in joints, most often in the big toe but also in other 

joints such as heels, knees, wrists and fingers.120  Acute attacks come on suddenly and can last 1-

3 weeks whereas chronic gout can lead to bone erosion, tophi, secondary osteoarthritis, and 

disability.121  The prevalence of gout in the US population according to a 2007 study is 5.9 % (6.1 

million) in men and 2.0 % (2.2 million) in women, while hyperuricemia (serum level > 7 mg/dl) 

is 21.2% and 5.7 % in men and women,  respectively.122  The prevalence increases with age, with 

31.4 % among individuals ages 65 and older.122  Gout treatment typically aims to lower the serum 

urate levels through the use of allopurinol123 or febuxostat,124 which inhibit the production of uric 

acid precursors, and/or to treat the pain and swelling near the affected joint with non-steroidal anti-

inflammatory drugs.  Approximately 23% of gout sufferers also have kidney stones.125 

          Urine is a complex solution which contains more than 95% water and other constituents 

including urea, chloride, sodium, potassium, creatinine, uric acid and other dissolved ions, and 

inorganic and organic compounds. These substances can precipitate when the concentrations 
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exceed their respective solubility.  While micron-sized precipitates can pass through the urinary 

tract and be excreted, kidney stones are aggregates of these micron-sized crystals held together in 

an organic matrix.  Over 200 crystalline components have been identified in human kidney 

stones.126  Calcium oxalate is the most common.127  Uric acid is the major component in ~10% of 

human kidney stones and a minor component in an even larger fraction.127–130 Various solid state 

forms of uric acid have been identified in kidney stone deposits.  The two most common forms are 

anhydrous uric acid (UA, C5H4N4O3)
128 and uric acid dihydrate (UAD, C5H4N4O3∙2H2O).131  Uric 

acid monohydrate (C5H4N4O3∙H2O)132 and various urate salts, if present, are minor 

components.103,133,134  

         Depending on their size, uric acid stones can be naturally passed, treated with lithotripsy 

which breaks them into smaller fragments which can be naturally passed, or surgically 

removed.135,136  Pharmacological treatment of uric acid stones typically is through urinary 

alkalization with potassium citrate137 to convert uric acid to the more soluble urate, or to decrease 

the urinary uric acid concentrations with allopurinol or intravenous doses of uricase.138  General 

measures to minimize recurrent stone attacks are to maintain a daily urine output of greater than 2 

L and to reduce the intake of purine rich food.137,139  

 

1.3.2 Solution and Crystal Properties 

 Uric acid is a weak acid (pKa = 5.5).140  Above the pKa, uric acid exists in solution 

predominantly as urate.  Crystal structures of uric acid salts confirm that urate is deprotonated at 

N3.141–143  The solid state form of uric acid deposited under biomineralization conditions is 

strongly pH dependent, since the relative amounts of protonated and anionic species in solution 
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changes with pH.  Urate is much more soluble than uric acid, so as the pH decreases, more of the 

less soluble uric acid exists in solution, which exacerbates the precipitation of uric acid in renal 

fluid.  The dissociation of the second proton at N9 (pKa = 10.3)144 occurs under conditions that 

are not physiological relevant. 

          The solubility of uric acid at different temperatures has been studied and modeled by 

Konisberg.145  Plotted in Figure 1.4 are the solubility of UA and UAD over a temperature range 

based on Konisberg’s data.  Notably, UAD is more soluble than UA over all physiologically 

relevant temperatures.  This corresponds to the relative thermodynamic stability of these two 

phases with UAD being the metastable and UA being the stable phase. 

 

Figure 1.4.  Solubility of UA and UAD as a function of temperature. Reproduced with 

permission from Reference 146.146 
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          The crystal structure of UA, first reported in 1966, is P21/a with unit cell dimensions a = 

14.464(3), b = 7.403(2), c = 6.208(1) Å, and  = 65.10(5)°.147  Molecules within a given layer 

assemble into linear 1-dimensional hydrogen bonded ribbons which align in parallel to form a 

dense 2-dimensional layer (Figure 1.5). Hydrogen bonded ribbons in UA are formed from 

head…head (O2
…H-N1: 1.826 Å, 175.0˚) and tail…tail (O8

…H-N7: 1.734 Å, 155.8˚) interactions.  

The ribbon direction within the layer alternates between [012] and [0-12] in adjacent layers (two 

layers per unit cell), which creates π-π stacks along the [010] direction.   
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Figure 1.5.  (Top) Crystal packing in anhydrous uric acid (UA) viewed along c, and (Bottom) 

viewed along a, constructed from fractional coordinates in refcode: URICAC. 
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Uric acid molecules in UAD assemble into 2-dimensional dense layers similar to that seen 

in UA, with water molecules occupying spaces between adjacent layers (Figure 1.6).  However, in 

the structure model uric acid molecules are refined with disorder about two positions.  If all 

molecules were to exist in the major position, the structure within the UAD (001) plane is 

topologically identical to the UA (100) plane with ribbons assembled via head…head and tail…tail 

hydrogen bonds (O2
…H-N1: 2.000 Å, 170.1˚ and O8

…H-N7: 1.946 Å, 166.4˚), and π-π stacking 

along [100].  Uric acid molecules in each (001) UAD plane hydrogen bond to two water molecules 

above (O6
…H-Ow: 1.957 Å, 163.9˚ and O6

…H-N3: 2.099 Å, 165.61˚) and two water molecules 

below (N9-H…Ow 1.877 Å, 170.37˚ and N3-H…Ow 1.801 Å, 162.52˚). 
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Figure 1.6.  (Top) Crystal Packing diagram of UAD viewed along b, and (Bottom) viewed 

along c, constructed from fractional coordinates in refcode: ZZZPPI02. 

 

          Previous work in the Swift group115,146 has shown that synthetic crystals of both UA and 

UAD grow as clear colorless plates.  Both are typically ~200-300 µm in the largest dimension. 
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Moreover, fully-grown UA crystals have a major (100) face bounded by (210), (201), (001), and 

sometimes (121) faces (Figure 1.7).  UAD has its largest face (001) bounded by (102) and (011) 

side faces.  UAD is a metastable phase relative to UA, and will undergo phase transformation in 

both air and in solution.40,148  Under ambient conditions, clear freshly grown UAD crystals lose 

water and become opaque as the dehydration yields polycrystalline material.40  Synthetic UAD 

crystals transform to UA spontaneously in aqueous solution via a dissolution-recrystallization 

mechanism in which the rate limiting step is the dissolution of UAD.124  In McIlvaine buffer, 

aqueous solution, and model urine, the complete transformation occurred within < 48 hours at 

room temperature.  

          In general, solution-mediated phase transformation processes are driven by the differences 

in the solubility of the metastable and stable phase, and the rate limiting step can be either 

dissolution of the metastable form or growth of the stable form.149  Temperature and solution 

composition can also change the transformation rate.150  Factors such as crystal size, and impurities 

can also affect the transformation process.150,151   

        

Figure 1.7.  Photomicrographs of (left) UA and (right) UAD with various faces labeled. Scale 

bar = 200 µM. 

 

           Physiologic uric acid samples are invariably colored (i.e. yellow-orange to brown) and 

adopt different crystal habits, i.e. tabular, prismatic, equant, columnar, and sphenoidal.  Figure 1.8 
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shows two examples of biomineralized uric acid crystals grown from urine.  They have a unique 

spindle-like shape.  The colors result from inclusion of small amounts of other components present 

in the urine, which could be macromolecular,  molecular (urochrome pigments) or metal ions.152,153  

The observed differences in color and habit between synthetic and natural uric acid crystals 

prompted us to examine uric acid crystals grown from increasingly complex solutions and their 

properties.  

 

Figure 1.8.  Pathologically deposited uric acid crystals (left) uric acid anhydrous (right) uric 

acid dihydrate. Photos courtesy of the Louis C. Herring Lab (Orlando, Florida) 

 

1.4 Material Properties of Organic Crystals  

          The discipline of materials science has most commonly been associated with the study of 

structural or functional materials for engineering applications. Organic crystals are particularly 

important to pharmaceutical materials science, where the physical properties affect such areas as 

control of drug form, drug delivery, manufacture and processing of particle systems.   Most active 

pharmaceutical ingredients (APIs) go through various development stages including solid state 

form selection, particle sizing and formulation with other excipients into tablets and/or capsules. 

Each stage presents its own unique set of materials considerations.   
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          Physical form determines the properties of the drug product thus their efficacy, performance, 

and to some extent its fate.  The significance of physical form and concepts such as polymorph, 

solvate and hydrate were discussed earlier in this chapter. The internal structure determines the 

thermal properties (physical and chemical stability), solubility, hygroscopicity, and to some extent 

the mechanical properties. Controlling particle size and shape and formulation with other 

excipients can be used to further optimize performance.   

         Identification of solid form is typically done with X-ray diffraction. Spectroscopic and 

thermo-analytical methods can usually be applied and it is good practice to combine orthogonal 

analytical methods.  There are two principal applications of X-ray diffraction for characterizing 

crystalline organic materials: (1) powder X-ray diffraction (PXRD) and (2) single crystal X-ray 

diffraction (XRD).  Synchrotron XRD offers high resolution owing to shorter wavelengths and 

increased intensity. This allows for collection of high resolution XRD data in shorter amounts of 

time than with conventional laboratory instruments and requires significantly smaller crystal sizes.   

          Microscopes extend the visible range of the naked eye and are used to view and measure 

particles that range in size from millimeters to nanometers.  Bulk crystals with sizes typically from 

about 1 cm to about 10 µm and are readily observed by an optical microscope or compound light 

microscope.  A scanning electron microscope (SEM) is suited to view and measure particles that 

have sizes from 10 µm to 0.1 µm. Even smaller particles can be imaged with atomic force 

microscopy or transmission electron microscopy, though the latter is not always appropriate for 

organic samples in the absence of cryogenic temperatures.  Other techniques to measure particle 

size and distribution may include laser light scattering, electrical zone sensing, sieve analysis, time 

of flight and inertia impaction.154,155 
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          Thermal analysis is an important analytical tool used to study the physical and chemical 

properties of materials as a function of temperature or time. Differential scanning calorimetry 

(DSC) and thermogravimetric analysis (TGA) are two of the most commonly used thermal analysis 

techniques in the characterization of crystalline and amorphous pharmaceutical materials.  

Differential scanning calorimetry (DSC) is used to measure the energy changes associated with a 

material when it is heated, cooled or held isothermally, as well as the temperature at which these 

changes occur.  Thermal transitions can be due to either a physical transformation or a chemical 

reaction. Physical transformations such as melting, crystallization, polymorph conversion, 

desolvation, and dehydration are associated with a change in enthalpy.  DSC provides detailed 

information regarding the transition and events in quantitative terms.  Thermogravimetric analysis 

(TGA) measures the weight change of a sample as a function of temperature or time. Such 

measurements allow determination of solvent content, or the thermal or oxidative stability of a 

material.  TGA often complements the use of DSC.   

          Particle size and shape govern the bulk properties of pharmaceutical solids such as 

flowability and compaction  – process ability in manufacturing process.156,157  It also has a 

profound effect on dissolution, stability and bioavailability hence determining the safety, efficacy 

and quality of the final products.158–160  Small particle sizes are usually desired for better 

flowability and dissolution rate.  Crystal size and size distribution can sometimes be regulated by 

crystallization (e.g. seeding).161  Further reduction of size generates particulate or powder, which 

is beneficial for formulation and compaction steps.  Reducing particle size is usually beneficial for 

drug solubility because smaller particle sizes have higher surface to volume ratios thus, more 

surface area available for solvation.  Conventional techniques for particle size reduction include 
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mechanical milling, recrystallization and spray drying.  There are more new methods developed 

in particle technology to improve drug solubility.162  Crystal habit, or morphology, also affects the 

ease with which a pharmaceutical formulation can be pressed into a tablet.163 Equidimensional 

crystals are usually preferred as they have better handling and processing characteristics.164–166  

Crystal habit can also affect the kinetic solubility if dissolution rates on different crystal surfaces 

are highly anisotropic.167,168 

          The mechanical properties of a material describe  the relationship between applied force and 

the deformation of a material.  Some of the important mechanical properties are elasticity, hardness, 

brittleness, ductility, creep, plasticity, and yield strength.  Traditionally, mechanical properties 

have been investigated for structural materials in order to establish the service life that can be 

expected, such as in building materials.   The mechanical properties of organic crystals are 

important because comminution and compaction require understanding of the fundamental 

properties of the powders. Both powder flow and powder compaction depend on the 

physicochemical and mechanical properties of the solid materials used.169  Depending on the 

characteristics of the drug substance, complementary excipients may be chosen to optimize flow 

and compression properties.  

 Ongoing work has shown that it is possible to obtain a better understanding of issues such 

as why certain materials are prone to problems during compaction/comminution.  The impact of 

crystal structure and habit on the mechanical properties of powders were studied in an attempt to 

identify and modify physical properties of bulk solids.170,171  Computational work has sought to 

relate parameters such as the cohesive energy density, calculated from the chemical structure of a 

variety of pharmaceutical solids, and the mechanical properties such as Young’s Modulus, 
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indentation hardness, fracture properties, tensile strength and critical stress intensity factor.155  The 

study of molecular crystal mechanical properties helps to expand and reinforce our understanding 

of crystal structure, intermolecular interactions, physical forms and material mechanics.  Much of 

the work in this thesis is dedicated to this topic. 

 

1.5 Mechanical Properties 

          In general, there is a need for more study and understanding of mechanical properties 

especially when it comes to organic crystals.  It is an area that is drawing more attention and much 

progress has been made.  In Figure 1.9 where different types of materials are compared, organic 

crystals are generally considered brittle, with the elasticity of the lower end of metals and the 

hardness of the higher end of polymers.  
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Figure 1.9.  Elastic modulus versus hardness materials property map for hybrid framework 

materials presented with other major classes of materials including organic molecular solids.  

Reproduced from reference 172 with permission from the Royal Society of Chemistry. 

 

          Recent studies have shown diverse responses to the application of an external mechanical 

stress, including shearing, plastically/elastically deforming, brittle fracturing and twisting, and 

related these responses to molecular packing features.173,174  Mechanical properties can be 

investigated on either single crystals or powder samples with techniques including bending,174 

compression,175,176 microindentation177 and nanoindentation.178,179  Predicting mechanical 

properties by computational methods has also seen successes.  In one study, the Young’s modulus 

of aspirin was estimated based on the crystal structure.180  Plastic deformation was modeled based 

on dislocation theory and experimental data for sucrose and paracetamol.181 There are still many 

challenges, for example two forms of 3-((4-chlorophenyl)imino)indolin2-one exhibit notably 
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different elastic moduli and hardness despite the fact that they have similar tape-like structures and 

energy frameworks.182  Given the problems in single component phases, multiple component 

crystals (hydrate, cocrystal and salts) are expected to be more challenging.183  

          Experimental data is essential to developing predictive numerical tools. In spite of the 

increasing interest, the amount of experiments and material characterization for these complex 

materials remains limited.  With experimental measurements, a requirement is to have valid 

measurement methods and conditions, as those might need to be altered for different mechanical 

responses of different systems.  Those responses need careful study as they may contain key 

information of the materials such as intermolecular interactions.  

          Despite the progress that has been made in this field, it has not yet resulted in the design of 

crystals with desired properties.183  Alloying and exploitation of crystalline defects are established 

methods in metallic systems. The application of such approaches to molecular solids can open up 

new horizons and lead to an enhancement in our capacity for engineering organic crystals.  

 

1.5.1 Basic Concepts of Mechanical Properties 

          Stress and strain are basic concepts when mechanical properties are discussed.  Elasticity 

and hardness are the two properties most widely measured. These values are used in practice to 

assess process behavior and make formulation choice.  Stress is the force causing the deformation 

divided by the area to which is the force is applied. For axial stress (tensile or compressive, along 

the direction of force) 

                                                                            σ =  
𝐹

𝐴
                                                            (1.4) 
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where σ is the tensile stress, F is the applied force and A is the cross-sectional area.  Strain is the 

ratio of the change caused by the deformation to the original value of the parameter (e.g. normal 

strain and shear strain).  Normal strain ε, has the following expression: 

                                                                            ε =
𝑑𝑙

𝑙
                                                             (1.5) 

where dl is the change of the length, and l is the initial length.  

          Elasticity is the ability of a material to recover from the deformation caused by a force to its 

original shape when the force is removed.  Elastic modulus, λ, is defined as the slope of stress-

strain in the elastic region. It has the form: 

                                                                          𝜆 =
𝑠𝑡𝑟𝑒𝑠𝑠

𝑠𝑡𝑟𝑎𝑖𝑛
                                                           (1.6)                        

For axial stress, this modulus of elasticity is called Young’s modulus (E), as expressed in following 

equation:  

                                                                          𝐸 =
𝜎

𝜀
                                                                (1.7) 

Hardness, H, is directly related to the resistance to plastic deformation. To better understand and 

differentiate it from elasticity, it reflects how hard it is to make an indent or a mark on an object. 

It has the general expression:   

                                                                           H =
𝑃

𝐴
                                                                 (1.8) 

where P is the applied load and A is the surface area of resulting indentation.  

          There are several methods to measure Young’s modulus, including static methods (tensile, 

torsion, bending test), dynamic methods (resonant frequency method), wave propagation methods 

(ultrasonic echo-pulse method) and nanoindentation.155,184 Microhardness testing (or 

microindentation) and nanoindentation are standard methods for measuring hardness.  
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Traditionally, hardness is measured on a relative scale such as Vickers or Mohs hardness.185  But 

they are fairly qualitative and imprecise.  Nanoindentation technology allows the measurements 

of a variety of materials and is defined in terms of the area imprinted on a material. 

 

1.5.2 Nanoindentation 

          Nanoindentation enables mechanical property measurement of materials with small volumes 

such as particles, single crystals, thin films and biological tissues. It originated from hardness 

testing or indentation, a method that has long been used for characterization and quality control of 

materials.  The results on any given material are dependent on the test parameters. In general, a 

static force and corresponding dwell time is applied, leaving an impression, the depth of which 

reflects the relative hardness.  

          Nanoindenters allow the force (P) and the displacement (h) to be controlled and measured 

simultaneously and continuously over a complete loading cycle.  The extremely small force and 

displacement resolutions, often as low as ≈ 1µN and ≈ 0.2 nm, combined with large ranges of 

applied forces and displacements make it applicable to characterize nearly all types of materials.  

Nanoindentation can also be done with an atomic force microscope where the indenter tip is 

mounted on a cantilever, allowing both indentation and imaging to occur.  

          In a nanoindentation measurement, first the indenter tip engages the surface of the sample, 

then it penetrates into the sample at a controlled rate to a certain maximum applied load or a certain 

depth.  This is the loading segment.  Succeeding the loading part there can be a holding or dwell 

time at the peak load.  Then the indenter tip retreats from the sample at a controlled rate to finish 

the measurement.  This is the unloading segment.  During the measurement, it records the 
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penetration depth and applied force as the indentation proceeds, generating a load-displacement 

curve. A representative curve is shown in Figure 1.10.  Numerous mechanical properties can be 

obtained from the experimental load-displacement curve such as stiffness, Young’s modulus, and 

hardness. Others such as fracture toughness, yield pressure (Py) can be derived from the determined 

E and H values.  The accuracy of this method depends on the contact of the indenter tip and the 

sample.  For instance, the determination of the contact area needs correction for compliance of the 

tip geometry.  There are a few types of tip geometries such as Berkovich, Vickers, Cone, Sphere 

and Cono-Sphere, with Berkovich tip being the most common one.186  In low symmetry materials, 

indentation on different faces would have different results.  The anisotropy is related to the indenter 

orientation and is dependent on the direction of the crystallographic axis and the particular slip 

system operating on a particular face.187  Nanoindentation has emerged as a powerful tool with 

applications in pharmaceuticals and high-energy molecular crystals.  Hardness, Young’s modulus, 

creep, and critical stress intensity factor have been determined using this method.188–191 Tableting 

performance of polymorphs of pharmaceutical compounds were related to mechanical properties 

measured by nanoindentation.187  This technique has been applied to study a series of organic 

compounds.188,192–215  
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Figure 1.10.  A representative load-displacement curve obtained in a nanoindentation 

experiment (hp - permanent depth after removal of applied force; hf  - intersection of the 

tangent to the first part of the unloading curve with the displacement axis; hmax - indenter 

displacement at peak load; S: stiffness - slope of the first part of the unloading curve). 

 

1.6 Overview of Thesis Studies  

          The rest of this thesis describes the crystallization, structure, and physical properties of uric 

acid phases. The mechanical properties of UA and UAD are detailed in Chapter 2.  We investigate 

the mechanical properties of the two forms to assess how water molecules affect the material 

properties.  

          Crystal engineering aims for the design of crystals with desired properties.  In Chapter 3 and 

4 we examine how the physical properties of the crystals change through doping - an approach to 
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intentionally introduce defects.  We aim to have better understanding of material science of organic 

crystals and engineer their properties.  

          Chapter 5 is dedicated to the study of uric acid biomineralization and associated properties 

changes.  We correlate the physical properties with the growth conditions.  Our goal is to explain 

the property differences observed in crystals grown from synthetic and biomimetic environments 

and show it is related to the assembly pathways.  
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2. Mechanical Properties of Anhydrous and Hydrated Uric Acid Crystalsa 

2.1 Introduction 

  Developing a better understanding of water molecules’ role in the material property 

differences exhibited by anhydrous and hydrated phases is fundamentally important, given that a 

large fraction of molecular compounds can crystallize in different hydration states, including up 

to 1/3 of all pharmaceuticals.216  

 The mechanical properties of molecular crystals are not always predictable on the basis of 

structure alone.  Recently, a number of reports utilizing nanoindentation on organic single crystals 

have appeared in the literature.186,193,212,217  In many of these works, a principal goal has been to 

correlate the mechanical strength with the intermolecular interactions in the lattice.  Relatively few 

direct comparisons between hydrated and anhydrous crystal forms of the same compound have 

been reported.  In the cases which are known, significant differences in the hardness and 

elasticity/plasticity are observed.  In studies on p-hydroxybenzoic acid,218 sodium naproxen219 and 

theophylline,220 the better tableting properties of the hydrate compared to the anhydrous form were 

attributed to the water molecules’ enhanced ability to yield under compressive stress resulting in 

a more plastic response.  The hardness and Young’s modulus of sodium saccharin dihydrate was 

reported to slightly increase over time upon exposure to the atmosphere and assumed loss of 

water.221  In contrast, alpha-lactose monohydrate crystals were harder and more elastic than 

anhydrous crystals in indentation and compression studies.222  

  

 

a Most of the content within this chapter has been published in Chem. Mater., 2018, 30 (11), pp 

3798–3805.  All copyrights are reserved by the American Chemical Society (2018). 
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         Since UA and UAD share a very similar 2-dimensional layer structure, which are either 

directly stacked or separated by a well-defined layer of water molecules in the third dimension, 

this is a good system to correlate the role of water with mechanical properties.  As major 

component of a large fraction of kidney stones,127 a better understanding of UA and UAD 

mechanical properties may also have potential therapeutic implications.  Fragmentation with sound 

waves (lithotripsy)135,223 is a common treatment for kidney stones, though its efficacy varies 

depending on a stone’s size and chemical composition.136,224–227  

 

2.2 Experimental 

2.2.1 Crystal Growth 

           Supersaturated solutions were prepared by dissolving 15-20 mg of uric acid (Aldrich, 99+%) 

in 100 mL of boiling deionized water.  Solutions maintained at 37 ± 1°C (water bath) and 24 ± 

1°C, yielded single crystals of uric acid (UA) and uric acid dihydrate (UAD), respectively.  

Crystals deposit as transparent rectangular plates with large (100) UA and (001) UAD faces and 

are typically 200-300 m in their longest dimension.  Because UAD is known to transform to UA 

in solution over time,148 all UAD crystals used in nanoindentation and atomic force microscopy 

experiments were freshly grown.  

 

2.2.2 Atomic Force Microscopy (AFM)  

           AFM topographical images of (100) UA and (001) UAD surfaces were collected in contact 

mode on a Nanoscope IIIa Multimode instrument (Digital Instruments, Santa Barbara, CA).  A 

piezoelectric stage (J-scanner) with a maximum effective scan area of 30 × 30 µm2, and Si4N3 
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cantilevers with spring constants of ~0.58 N/m were used.  Single crystals with well-defined and 

visually flat plate faces were selected and mounted to a 15 mm diameter glass coverslips with 5-

min epoxy (Loctite).  

The root mean square roughness (Rq) of UA and UAD single crystal surfaces was 

determined using equation (2.1),    

                                                         
( )

N

Z
R

i

q


=

2

                                                (2.1) 

where Z = the vertical distance of a point to the mean plane surface, and N = the number of data 

points in the image area.  Roughness values were calculated from a 10×10 µm area on three or 

more single crystals and are reported as an average.   

 

2.2.3 Nanoindentation 

           Samples were prepared by removing single crystals of UA and UAD from the mother liquor, 

wicking away any surface moisture with a Kimwipe, and gently dispersing onto a glass cover slip 

coated with a thin layer of superglue. Crystals naturally orient with their plate faces parallel to the 

glass slide, though the in-plane rotation was not controlled.  Glass cover slips were then mounted 

on the sample puck with double sided tape. The time between sample prep and indentation 

experiments was minimized (typically ~30-60 min) so as to prevent premature loss of crystalline 

water from UAD. 

Nanoindentation experiments were performed using a Hysitron Triboindenter (TI 900) 

equipped with a low load QSM transducer (Minneapolis, MN). Indentations were carried out with 
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either a Berkovich tip or a 90° cono-spherical tip having an effective radius, R = 0.906 µm.   The 

tip radius of the latter was determined from elastic loading experiments on fused quartz and was 

fit to the data using a classic Hertzian loading profile.228  The hardness (H) was determined from 

equation (2.2), where A = tip-sample contact area and Pmax = maximum load.   

                           H = Pmax / A                         (2.2) 

The reduced modulus (Er) was determined from the initial elastic unloading curve using 

equation (2.3), where β is a factor dependent on indenter shape and S is stiffness. 

                                                                                                                                (2.3) 

Multiple load control and displacement control indenting functions were assessed on both 

UA and UAD in order to establish optimized conditions.  Multiple low-load indents were used to 

assess elastic deformation in the initial load period.  All indents were separated by 20 μM or more 

to ensure that the plastic zones surrounding each indent did not overlap.  All H and Er 

measurements reported for UA were collected using cono-spherical tips with a load of 1000N, a 

rate of 50μN/s, and a 20s linear load - 30s hold - 20s linear unload profile.  Optimized conditions 

for UAD employed cono-spherical tips, a load rate of 5μN/s and a 150s holding time at the peak 

load of 100µN.  Multiple crystals grown under identical conditions were examined.    

 

2.3 Mechanical Properties of Anhydrous Uric Acid (UA) and Uric Acid Dihydrate (UAD) 

 Laboratory-grown crystals of UA deposit from aqueous solution as colorless rectangular 

(100) plates with a monoclinic structure.147   Laboratory-grown crystals of UAD deposit as 

colorless rectangular (001) plates using the monoclinic cell convention reported by Parkin.229  A 
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side-by-side comparison of the two structures are shown in Figure 2.1, with views both parallel to 

(left) and perpendicular to (right) the major plate face on which nanoindentation is performed.  As 

discussed in Chapter 1, the (100) plane in UA consists of a densely packed layer of uric acid 

molecules which assemble into 1-dimensional hydrogen bonded ribbons oriented along [012] and 

[0-12] in adjacent layers, as indicated with black and white arrows.  The − stacking occurs in 

the [010] direction.  The (001) plane in UAD has a very similar 2-dimensional structure, however 

these densely packed uric acid layers are separated by water molecules.  The 2-D cell dimensions 

within each layer: (100) UA: b = 7.40 Å, c = 6.21 Å and (001) UAD: a = 7.24 Å, b = 6.36 Å also 

reflect their structural similarity.     
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Figure 2.1. Crystal structures of (top) UA and (bottom) UAD.  (left) When viewed parallel to 

the plate face, UA (100) layers stack along the a-axis; UAD (001) layers have a similar 2-

dimensional structure but are separated by water molecules. A unit cell consists of two uric acid 

layers (black and white rectangles), and additionally a water layer (blue circle) in UAD. (right) 

Top-down views of the UA and UAD plate faces.  A hydrogen bonded ribbon in two adjacent 

layers is depicted in space filling mode to better show its orientation.    

 

The plate-like morphologies ensured that all AFM and nanoindentation experiments 

occurred on the natural plate faces, UA (100) and UAD (001).  Initial nanoindentation experiments 

on UA were performed using conventional Berkovich tips, however, retraction of the tip post-
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indent over a wide range of load forces and depths frequently showed crystal fragments adhered 

to the tip.  Although this could be minimized with more gentle indenting protocols230 errors 

associated with the convolution of an anisotropic tip shape and the anisotropic sample (both UA 

and UAD are monoclinic) remained a concern.  Ensuring reproducible contact geometries between 

tip and sample was also complicated by the small crystal sizes (200 µm in the largest dimension) 

which limited our ability to control their in-plane rotation during sample preparation.   This 

combination of factors led us to use a cono-spherical indentor tip to eliminate any errors due to the 

convolution of tip-sample contact anisotropies.  The contact geometry model for cono-spherical 

tips is generally considered accurate so long as the inherent surface roughness is <10% of the 

indent depth.  AFM images obtained on ten UA (100) and UAD (001) unpolished faces confirmed 

both are relatively smooth, with average RMS roughness values of 4.71±1.85 nm and 5.36±3.26 

nm, respectively.  By using indent depths between 100-200 nm, both UA (100) and UAD (001) 

surfaces are well below this 10% roughness criteria.  Though the crystals’ in-plane rotation during 

sample mounting was not controlled, the in-plane orientation of each single crystal could be 

established based on the angles between the naturally occurring side faces.   

 

2.3.1 Modulus and Hardness of UA and UAD  

          Table 2.1 lists the average and standard deviation of the modulus and hardness values 

obtained from 12-20 indents on the plate face of each material. Measurements obtained under 

optimized conditions for each compound showed relatively little scatter (Figure 2.2).  The modulus 

of UA, 17.73 GPa, was ~5X greater than that of UAD, 3.49 GPa, though both are within the range 

of values reported for other molecular crystals (for compilations see references 186 and 212). The 
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hardness of UA, 1.18 GPa, was ~17X greater than that of UAD, 0.07 GPa, which is consistent with 

the higher relative solubility of UAD compared to UA.148  A more detailed understanding of why 

UA and UAD exhibit such different mechanical properties required a closer examination of the 

resulting indents. 

 
Table 2.1. Modulus and Hardness of UA (100) and UAD (001). 

 Modulus, Er (GPa) Hardness, H (GPa) 

UA (100) 17.73 ± 2.32 1.18 ± 0.16 

UAD (001) 3.49 ± 0.54 0.07 ± 0.01 

 

 

 

 



44 

 

 

 

Figure 2.2. Modulus vs. contact depth measurements for all indents < 300 nm on UA (solid 

circles, n = 20) and UAD (open circles, n = 12).  UA and UAD measurements were obtained 

with optimized loads of 1000 µN and 100 µN, respectively.  

 

2.3.2 Indents on UA  

          In general, indentation measurements on UA (100) were very consistent over a range of 

different forces (1000 – 8000 µN), with virtually all loading curves showing distinct bursts or 

“pop-ins” indicating the sudden yielding of the material under load (Figure 2.3).  Unlike metals 

which have abundant available slip systems, the mechanical response within the lower symmetry 

UA crystals is highly anisotropic, such that any dislocation movement is expected to create large 

discontinuities.217  This is usually attributed to the nucleation and glide of dislocation loops under 

the indenter tip, though twinning and slip band migration have been put forward as alternative 

possible explanations.217,231,232  Bandyopadhyay and Grant233 reported that mechanical twinning, 
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caused by indentation instead of simple slip, can also lead to plastic deformation in crystals with 

low symmetry and restricted slip systems.   

Multiple load control tests with the peak force value of 1000 N were performed on UA 

(100). One or more pop-in events were always observed, however, they appeared over a range of 

forces and resulted in stochastic displacements that varied in magnitude.  In the representative 

load-displacement curve shown in Figure 2.4, there are at least three obvious displacement bursts 

(red arrows) which occur at depths of 14.39 nm (~22 layers), 65.37 nm (~100 layers) and 91.62 

nm (~140 layers) below the UA (100) surface.  The magnitude of the displacement associated with 

each of these pop-ins is 4.0 nm, or ~6 uric acid layers (3 unit cells).  Many smaller displacements 

are typically seen at the higher depths.  Some indentation curves obtained on UA (100) revealed 

significantly larger displacements. 

  

Figure 2.3. Representative load-displacement curves obtained on a UA (100) surface, with 

an increasing load from 1000– 4000 µN and a 20s (load) - 30s (hold) - 20s (unload) cycle. 
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Figure 2.4.  Representative load-displacement curve of indent on UA (100). Initial yield “pop-

in” behavior is indicated with red arrows. 

 

AFM images of the post-indent surface help to visualize these displacements.  At loads of 

2000 N (Figure 2.5A) and below, the slip steps correlate with subsurface dislocation movement 

in the (100) plane, as evidenced by the appearance of multiple oriented steps at the periphery of 

the indent pit.  The preferred slip directions can be explained based on the anisotropy within the 

plane.  Uric acid molecules within a given (100) UA plane assemble into parallel arrays of linear 

1-dimensional hydrogen bonded ribbons which are oriented along [012] and [01-2] in adjacent 

layers (two layers per unit cell).  Arrays of parallel ribbons form − stacks in the [010] direction.  

The slip steps observed in response to indentation correspond to movement of material normal to 

the hydrogen bonded ribbon directions.  The [012] and [0-12] ribbon directions intersect at an 

angle of 62°, and there is likely no low-energy slip plane that is common to adjacent layers.  This 

explains why the smallest displacement steps, 1.31 nm in height, correspond to 2 layers or 

molecules (one unit cell = 2 layers) and larger displacements correspond to even multiples of layers 

instead of odd multiples.  It is possible that some of the observed slip events could also occur at 
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an existing twin boundary, as X-ray diffraction studies of UA single crystals showed they are 

frequently twinned.  However, assuming twin components are of a reasonable thickness, 

displacements at twin boundaries arising from ~100 nm indents should be observed only on very 

rare occasions.   

At increased loading up to 5000 μN, the intersection of stresses from the observed slip 

steps creates larger fractures in the material.  A representative image after indentation at 5000 μN 

(Figure 2.5B) shows two distinct fractures appearing from opposite ends of the spherical indent.  

These fractures always appear in pairs, and emerge from the acute angle defined by the intersection 

of the hydrogen bonded ribbon directions. Though the fractures are not straight, they typically 

have a large c-axis or [001] component.  A cross-sectional profile of the fracture formed below the 

indent in Figure 2.5B shows a height difference of about 140 nm as well as some vertical 

displacement of material.  
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Figure 2.5.  Post indent AFM images of UA (100) resulting from cono-spherical indents at 

loads of (A) 2000 µN and (B) 5000 µN.  Image (A) is (5µm)2 and has the same orientation as the 

upper right image in Figure 2.1.  Slip planes are perpendicular to the 1-dimensional hydrogen 

bonding ribbon directions in the (100) plane.  Image (B) is (10 μm)2.  In addition to the slip planes, 

larger indent forces result in cracks with a strong c-axis component.  The insert is a cross-section 

of the fracture below the indent pit.  

 

2.3.3 Indents on UAD   

          As discussed previously, the 2-dimensional layers in the UA (100) and UAD (001) planes 

have very similar structures, however, the response to indentation stress in the two materials 

proved to be dramatically different.  Typical load-displacement curves on UAD obtained with a 

range of 100 – 1000 µN load forces are shown in Figure 2.6.  Regardless of the load or hold time, 

all indentation tests on UAD exhibited creep in contrast to UA (Figure 2.3), as evidenced by the 

plateauing of the load-displacement curves during the hold cycle as the indenter continues to 

penetrate the sample.  Under the higher load forces, the contact depth also far exceeds that required 

for accurate modeling of the tip-surface contact area.    
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Though creep was not seen in UA, it is not uncommon and has been observed in materials 

ranging from polymers234,235 to metals236 to concrete.237 Its magnitude can vary depending on the 

indentation parameters and even external parameters such as temperature, so for measurements 

that are intended to be static, this creates additional challenges.  To identify conditions where creep 

was minimized, indentation experiments on UAD (001) were performed under different loads 

using a 20s (load) - (hold) - 20s (unload) cycle where the hold time was varied from 0s - 150s in 

30s increments.  Based on our systematic examination of the load rates, load forces, and hold times, 

the optimized indentation protocol for UAD was a 100 μN load with a 20s (load) - 150s (hold) - 

20s (unload) cycle (Figure 2.7).  Average modulus and hardness values reported in Table 2.1 were 

determined from indents made using these parameters. 
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Figure 2.6.  Representative load-displacement curves obtained on a fresh UAD (001) surface, 

with an increasing load from 100 – 1000 µN and a 20s (load) - 90s (hold) - 20s (unload) cycle.  

 

 

Figure 2.7.  Creep is minimized at a load = 100μN on UAD.  Load vs Time (blue); Displacement 

vs Time (orange). 
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Representative AFM images of the post-indent UAD (001) surface are shown in Figure 2.8.  

Images A and B were collected immediately after making 100 µN indents (1) and (2) using 20s-

0s-20s and 20s-150s-20s load-hold-unload cycles, respectively.  Figure 2.8C shows the same two 

indents after 20 minutes.  A larger 1000 µN indent (3) previously made using a 20s-0s-20s profile 

serves as a reference point to unambiguously identify the locations of (1) and (2).   

When imaged immediately after indenting, (1), (2) and (3) have maximum depths of 25 

nm, 100 nm and 140 nm, respectively.  Cross-sections through each indent (Figure 2.8, blue lines) 

showed all have smooth sides and for the larger two, a well-defined spherical bottom.  At these 

increasing penetration depths, the diameter of the cono-spherical tip in contact with the surface 

also increases from 423 nm to 828 nm to 968 nm.  However, the sunken area surrounding each 

indent is much wider than the tip diameter (~2 µm wide when measured along the ± b-axis).  

Examination of multiple load-displacement curves and post-indent images showed no evidence 

for slip planes or pile up at the rim.  We therefore attribute this wider depressed ring surrounding 

the indent to two factors - shearing strain which can develop during the deformation of ductile 

materials, and surface dehydration resulting in a local contraction of the material volume.   

We know from previous studies that UAD crystals dehydrate anisotropically, with water 

molecules exiting more rapidly along the +/- a-axis of the crystal.40  Dehydration through the UAD 

(001) surface is generally the slowest, however, indents create new surfaces with (hk0) indices 

through which water can escape more rapidly.  The packing fractions of UA and UAD are quite 

similar (0.76 and 0.77, respectively), however, if water molecules are removed from the UAD 

lattice, the theoretical packing fraction would drop to a low 0.58.  This instability causes the 

dehydrated hydrate lattice to collapse and/or recrystallize to an anhydrous or less hydrated phase.  
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This process also generates emergent cracks from the edges of the indent site.  The vast majority 

of cracks tend to parallel the crystallographic a-axis.  Crack formation surrounding shallower 

indents such as (1) typically only appears after some time lapse, though larger indents such as (2) 

show some evidence of crack formation even at Time = 0 s.   Initially formed cracks also tend to 

expand outward over larger areas with time. 

 

Figure 2.8.  AFM images of UAD (001) obtained post-indentation. A and B: Time = 0 s, (5µm2). 

C: Time = 20 min, (10µm2).  Indent parameters for (1) = 100 µN using a 20s-0s-20s (load-hold-

unload) cycle; (2) = 100 µN using a 20s-150s-20s cycle; (3) = 1000 µN using a 20s-0s-20s cycle.  

 

Further evidence for surface dehydration/recrystallization can be gleaned from qualitative 

changes in the post-indent profiles over elapsed time periods.  A detailed study of the indent 

characteristics as a function of indentation parameters and time would have to be undertaken to 

extract more quantitative information. All cross-sections in Figure 2.9 were measured parallel to 
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the b-axis.  Blue lines taken immediately after indenting are defined as corresponding to Time = 0 

s; orange cross-sections were obtained 20 minutes later.  The shallowest indent (1) at Time = 0 

appears as a small ~25 nm deep pit with a diameter of ~ 500 nm and sink-in surrounding the rim.  

At Time = 20 min, the pit appears to have partially “healed” itself, becoming much shallower.  The 

shallow cracks emerging from opposite sides of the indent edge in Figure 2.8C suggest the process 

is accompanied by some significant mechanical stress.  

Time-lapsed profiles of the larger indents (2) and (3) also show some amount of material 

reorganization.  Indent (2) is originally 100 nm deep and ~1 µm in diameter.  After 20 minutes, 

the upper rim of the indent appears to collapse like a sinkhole, while at the same time the indent 

depth decreases by 25-30%.  The depth of indent (3) does not appreciably change over time, though 

the uppermost edges at the rim do show some contraction. Although viscoelastic behavior and 

“self-healing” are more typically associated with polymers and elastomers,238,239 it has been 

reported in other crystalline materials.206,240  Generally self-healing or recovery is correlated with 

a change in the external environment, however, precise control of temperature and relative 

humidity were not possible in these experiments.  Based on previous work,40 some water loss from 

new (hk0) surfaces should be possible when exposed to air for 20+ mins.  The reorganization 

observed here may or may not be true “self-healing,” since we cannot confirm if the material at 

the indent edges is hydrated, partially hydrated or anhydrous uric acid, or if it is crystalline or 

amorphous.   Any water loss from a UAD crystal poses a major disruption to the host lattice 

because each uric acid molecule is hydrogen bonded to six water molecules.  The material 

rearrangement observed upon indenting is presumably driven by the molecules’ need to access a 

more energetically favorable environment.  
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Figure 2.9. Cross-sections of indents (1), (2) and (3) shown in Figure 2.8.  All profiles are taken 

parallel to the b-axis. Time = 0 (blue) and Time = 20 min (orange).  The diameter of the tip in 

contact with the surface is indicated by the red dashed lines.   
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2.4 Conclusions 

With 2-dimensional planes nearly identical in structure, anhydrous and hydrated crystal 

forms of uric acid make it a good molecular crystal system in which to assess the relative 

contribution of water molecules to the overall mechanical properties.   Nanoindentation 

experiments on anhydrous UA (100) revealed it was a relatively hard material, both in comparison 

to UAD and many other organic molecular crystals.  Mechanical energy imparted by indentation 

is dispersed via slip planes which move in orientations consistent with the anisotropic packing 

interactions in the crystal.  Indentations made over a broad range of forces generated the same slip 

planes, however, indentation at the upper range of forces tested also led to the formation of cracks 

where the slip planes intersect.  Although molecules in the UAD (001) plane adopt a very similar 

structure, the material response to indentation was significantly more elastic, with uniaxial stress 

dissipated through the softer material more isotropically.  Furthermore, the changes in the indent 

profile with ageing, suggest some interesting phenomena which is likely a combination of both the 

inherent viscoelasticity of the sample and the fact that indentation creates new surfaces which are 

more susceptible to water loss.   

The reduced modulus and hardness of single crystal monosodium urate monohydrate 

(MSU), the crystalline component in gout and a phase less commonly observed in kidney stones, 

were previously reported as 3.8-4.1 GPa and 0.31-0.38 GPa, respectively.241  It is notable that these 

values are more similar to UAD than UA, given that monosodium urate monohydrate is a salt and 

has a significantly higher thermal stability than UAD.  Anhydrous monosodium urate is not known 

to exist under physiologic conditions, so modulus and hardness values are not available for direct 
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comparison.  Our measurements suggest that any of these uric acid phases if present in vivo has 

sufficient mechanical strength to impart damage to the surrounding tissues.  
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3. Correlating Mechanical Properties with Defect Densities in Uric Acid Crystals 

3. 1 Introduction 

Organic molecular crystals are of significant importance in many practical applications, 

ranging from food to cosmetics to pharmaceuticals to living systems. Due to their composition, 

relative fragility, and other issues, organic molecular crystals present challenges when applying 

typical materials science characterization tools. One of the critical issues is in understanding the 

role of impurities in the preparation, characterization, and ultimately the properties of these 

materials.  In this study, we focus on the effects of impurities on the mechanical properties of 

organic molecular crystals. 

In pharmaceutical materials, understanding mechanical properties is of importance to 

powder handling and tablet formation and integrity.181,242 In explosives, safe handling, processing, 

and initiation of detonation are affected by impurities and mechanical properties.243 Here, we use 

the model molecular crystal system uric acid, an important type of kidney stones, to understand 

the effects of impurities on mechanical properties. Through this work we can better understand the 

progression of and possible treatment options for these conditions. 

 Defects are common in organic molecular crystals, if poorly understood. Defects exist in 

crystals even grown from pure media in ideal conditions. In practice, impurities are present even 

in the purest crystals, and in many biomaterials, the impurities themselves sometimes drive the 

specific function of the materials. Inclusions are the cause of many defects and are the most typical 

source of dislocations and twins.244 Inelastic deformation behavior in crystalline materials are 

mediated by dislocations, and these same mechanisms have been shown to be present and 

important in organic molecular materials.181 Much of what is known about dislocations and their 
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effects on mechanical properties was determined by electron microscopy in metals.245,246 

Dislocations in organic materials have proven more difficult to study, in part because the 

application of electron microscopy to these materials is more challenging. Nanoindentation has 

proven useful in exploring mechanical properties of crystalline organic materials because the low 

forces and post-characterization tools are well-suited to these soft materials with characteristically 

limited slip systems.  

Here we used a doping approach for introduction of defects in a model system of anhydrous 

uric acid (UA).  UA crystals grown in the laboratory from aqueous solution are clear plates while 

physiologic deposits of UA usually have irregular crystal habits and color.247 Understanding the 

differences in laboratory and biologically derived materials is therefore of importance. We 

employed molecular dyes as quantifiable impurities in UA in order to gain a better fundamental 

understanding of how impurity inclusion affects the associated mechanical properties.  

Previously, work in the Swift group investigated  the growth of UA crystals in the presence 

of low concentrations of methylene blue (MB) and Bismarck Brown Y (BBY).248,249  These dyes 

incorporate selectively on specific growth faces, resulting in crystals with clearly identifiable 

sectors that have significant variability in impurity content. BBY, a diazo dye used in histology 

for staining tissues causes a significant change to UA’s morphology, while UA crystals doped with 

MB retain the morphology of pure UA.  

We explored the effects of impurities by using nanoindentation to compare the mechanical 

response of UA and dye-doped UA with low concentrations of MB and BBY.  The mechanical 

response across a series of crystals grown from solutions with different dye concentrations 

provides a means to establish the correlation between the dye concentration in the crystal and the 
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mechanical properties. The dopant concentration and its effect on the structure and properties of 

UA were investigated with X-ray diffraction, microscopy, and spectroscopy.  

We observed that the modulus decreases and the hardness/modulus ratio (H/E) increases 

with low concentrations of dopants, but as the dopant concentration increases, the modulus 

increases and H/E decreases. This result is consistent with an introduction of dislocation sources 

with a low concentration of defects, and a decrease in dislocation mobility as the defect 

concentration increases.  Crystalline organic materials show much more resistance to 

homogeneous dislocation nucleation, relying instead on defects for heterogeneous dislocation 

sources for plasticity. The defects that act as heterogeneous sources also act as pinning sites that 

hinder the dislocation mobility, showing a particularly sensitive reliance on defects in determining 

the mechanical response of this class of materials. 

 

3.2 Experimental 

3.2.1 Crystal Growth  

Uric acid (UA) single crystals were grown from supersaturated solutions maintained at 37 

± 1°C.   Solutions consisted of 18 mg of uric acid (Aldrich, 99+%) dissolved in 100 mL deionized 

water, for a [uric acid]sol = 1.0 mM.  UA crystals deposit as transparent rectangular (100) plates 

which are typically 200-300 µm in their longest dimension and approximately 40-50 µm thick.  

Crystals typically required 2 days to appear. 

          Stock dye solutions were prepared by dissolving either 50 mg of Methylene Blue (MB, CAS: 

7220-79-3, Aldrich, 98%) or 20 mg of Bismarck Brown Y (BBY, CAS: 10114-58-6, Aldrich, 53%) 

in 100 mL deionized water.  Uric acid crystals with dye inclusions, UA-MB and UA-BBY, were 
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grown as above from supersaturated uric acid solutions containing small aliquots of stock dye 

solution. UA-MB50 was obtained from solutions containing [MB]sol = 50 µM.   UA-BBY5, UA-

BBY10, UA-BBY25 and UA-BBY50 were obtained from solutions containing [BBY]sol = 5, 10, 25 

and 50 µM, respectively.  UA-MB50 crystals deposit as rectangular (100) plates with visible 

sectoring typically in ~ 2 days.  All UA-BBY crystals deposit after 2-3 days as (100) plates, though 

the relative size of the side faces changes as the [BBY]sol increases.  Crystals grown from [BBY]sol 

= 5-10 µM exhibit sectoring, but crystals grown from [BBY]sol = 25-50 µM are more uniformly 

colored.   

 

3.2.2 Quantification of [dye] in Crystals   

The average concentration of dye included in UA-MB and UA-BBY was quantified by 

absorption spectroscopy with an Agilent 8453 UV-Vis spectrophotometer.  Calibration curves 

were made from standards prepared from five different dye concentrations in 8 mM uric acid under 

alkaline (pH = 10) conditions.  Multiple crystals of UA-MB or UA-BBY grown under the same 

conditions were dissolved in 1 M NaOH, and the measured absorbance was compared against the 

calibration plot.   

The UV/Vis spectrum of each solution containing MB had a broad peak at around 620 nm 

and a less intense but sharp absorbance at ~ 660 nm. The lower wavelength shoulder peak is due 

to dimerization of methylene blue.250,251  Calibration plots were based on both the monomer 

absorption and the integrated absorbance over the broader range.  The UV/Vis spectrum of 

solutions containing BBY showed a broad absorption around 465 nm.252  Dissolved crystals of 

UA-BBY grown from [dye]soln = 5, 10, 25 and 50 µM have ~ 3.3, 5.2, 7.4, and 11.2 BBY per 104 
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uric acid molecules, respectively.  Solution UV/Vis of dissolved UA-MB50 crystals shows an 

average conc. of ~ 8.5 MB per 104 uric acid molecules.  

The relative concentration of dye in specific sectors of UA-MB and UA-BBY single 

crystals was determined using visible microspectrophotometry using an Ocean Optics USB2000+ 

spectrometer interfaced to an Olympus BX50 polarizing microscope.  The spectrometer was 

coupled via a 2 m x 600 µm diameter fiber optic patch cable (P600-2UV/Vis) to a home built 

adapter inserted into a Diagnostic Instruments DBX phototube on the microscope.  With a 50X 

UMPlanFl objective, this arrangement allowed absorption measurements to be collected on spot 

sizes 10 – 15 µm in diameter.  Spectra were acquired using Ocean Optics software (Overture) and 

data analysis was done in Microsoft Excel.  The USB2000+ is configured with a grating (no. 3) 

with 600 lines/mm blazed at 500 nm, and a 2048 element silicon linear CCD detector.  The 

bandwidth is limited to 400 – 750 nm by the microscope optics and lamp, with an overall spectral 

resolution of 1.02 nm fwhm. 

 

3.2.3  Scanning Electron Microscopy 

A Zeiss SUPRA55-VP Scanning Electron Microscope (SEM) was used at an acceleration 

voltage of 1kV with secondary electrons. Samples were placed on an aluminum mount (Amray 

Instruments, 3.1 mm diameter) covered with carbon tape. 
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3.2.4 X-ray Diffraction  

X-ray data were collected on several UA, UA-MB and UA-BBY single crystals at 100K 

using either a Bruker SMART or Apex DUO diffractometer (Mo Kα, λ= 0.71073 Å).  In several 

cases, unit cell data were collected for the purpose of assigning Miller Indices to the crystal faces.   

In some cases, complete structures were solved in SHELXS and refined using SHELXL.   All non-

hydrogen atoms were modeled with anisotropic displacement parameters and all hydrogen atoms 

were refined isotropically.  All crystals had structures corresponding to the known anhydrous uric 

acid phase (refcode: URICAC).   

 

3.2.5 Atomic Force Microscopy (AFM)  

AFM topographical images of the natural (100) faces of UA, UA-MB and UA-BBY single 

crystals were collected on a Nanoscope IIIa Multimode instrument (Digital Instruments, Santa 

Barbara, CA).  Single crystals were mounted to 15 mm diameter glass coverslips with 5-min epoxy 

(Loctite) and imaged in contact mode with Si4N3 cantilevers (Veeco) with manufacturer reported 

spring constants of ~0.58 N/m.  The root mean square roughness (Rq) for each type of crystal 

surface was determined from 10 × 10 µm2 images using equation (3.1),    

                                            
( )

N

Z
R

i

q


=

2

                                                       (3.1) 

where N = the number of data points in the image area and Z = the vertical distance of a point to 

the mean plane surface.  Reported roughness values are an average of measurements made on 

visibly flat areas on three or more single crystals.  Those values for each group of crystals are UA-
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BBY5: 15.20 ± 11.03 (n = 10), UA-BBY10: 7.84 ± 5.90 (n = 12), UA-BBY25: 18.80 ± 9.50 (n = 9), 

UA-BBY50: 29.76 ± 15.41 (n = 9), UA-MB50: 19.44 ± 9.33 nm (n = 10). 

 

3.2.6 Nanoindentation 

Nanoindentation experiments were performed using a Hysitron Triboindenter (both model 

900 and 950) equipped with a low load QSM transducer (Minneapolis, MN).  Multiple single 

crystals of UA, UA-MB and UA-BBY were mounted onto sample puck coated with a thin layer 

of Krazy Glue.  Crystals oriented with their (100) plate faces parallel to the sample puck.  A cono-

spherical indenter tip was used to avoid any convolution of tip-sample anisotropies.  The effective 

tip radius (R = 0.906 µm) was determined from elastic loading experiments on fused quartz and 

was fit to the data using a classic Hertzian loading profile.228 In previous work, optimized indenting 

conditions were identified through multiple displacement control and load control experiments.253 

The same optimized conditions are used here: a load of 1000 µN, a rate of 50 μN/s, and a 20s 

linear load - 30s hold - 20s linear unload profile.  All indents were separated by 20 μM or more to 

ensure that the plastic zones surrounding each indent did not overlap. 

The reduced modulus (Er) was determined from the initial elastic unloading curve using 

equation (3.2), where A is the tip-sample contact area, β is a factor dependent on indenter shape, 

and S is stiffness.  The hardness (H) was determined from equation (3.3), where Pmax = maximum 

load.   

                                                                                                        (3.2) 

                                       H = Pmax / A                                (3.3) 
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3.3 Creating Quantifiable Defects     

Crystals of UA-MB and UA-BBY are shown in Figur 3.1 and 3.2.  UA-MB50, UA-BBY5 

and UA-BBY10 all appear as bowties where the (001) growth sector appears more colored than 

the (210) growth sectors. Absorphtion spectra were collected in both (001) and (210) sectors. 

Though the (210) sectors do not appear visibly colored, these “uncolored” sectors have a non-zero 

absorbance indicating that some dye moleculs are included here. Based on the absorption spectra, 

the dye concentration in the “colored” sector is slightly more than twice as much as in the 

“uncolored” sector in UA-MB50 (Figure 3.1).  Pure UA is colorless, with no absorbance over the 

400-700 nm visible region.  Uric acid only has absorbance in the ultraviolet region, which was  

observed in our quantification experiments of dye inclusion in bulk. 

Figure 3.2 shows representative spectra of UA-BBY compared with UA, depicting relative 

inclusion in each type of crystal.  The y-axis differs in each. Sectoring observed in UA-BBY5 and 

UA-BBY10 indicate 3:1 and 4:1 dye ratios in (001):(210).  For UA-BBY5 and UA-BBY10, 

measurements obtained on two different spots within each sector appeared to have similar 

intensities, though (001) and (210) sectors have quite different intensities. Absorbance 

measurements on multiple locations on UA-BBY25 is quite consistent, indicating a fairly uniform 

distribution of the dyes throughout the crystal.  UA-BBY50, the absorbance again increases, but 

shows more variability. It is noteworthy that the absorption peaks of those spectra have a redshift 

as the doping concentration increases. This phenomenon is likely due to the intermolecular 

hyperconjugation as the dye molecule population increases in the solid matrix.254 Redshift has 

been reported in other doped systems too.255,256  
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Figure 3.1.  (top) Crystal grown with 50 µM methylene blue (MB) in solution. (bottom) Solid 

state visible micro-spectroscopy of UA-MB50 on the “uncolored” and “colored” sectors compared 

with UA.   
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Figure 3.2. (top) Crystals grown with 5, 10, 25 and 50 µM Bismarck Brown Y (BBY) in 

solution. Scale bar is 200 µm. (bottom) Solid state visible micro-spectroscopy of UA-BBY on the 

“uncolored” and “colored” sectors compared with UA (grey).   
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3.4 Effect on Mechanical Properties 

A summary of indentation data is shown in Figure 3.3 and 3.4.  In UA-MB50, the inclusion 

of dopant lowers the modulus and hardness. As dopant inclusion increases, those values further 

descend but to a smaller extent even though the dye content is twice as that in the “uncolored” 

sector.  The E and H values are 12.79 GPa and 0.93 GPa for the (201) sector and for the (001) 

sector respectively.  The drop in the strength of the material is due to the inclusion of MB creating 

defects that facilitate dislocation movements in the crystal lattice. The presence of such defects at 

a level of less than 0.1% results in a modulus decrease of 28%.  H/E ratio has an opposite trend, 

increasing as MB inclusion increases in UA-MB50. 

For UA-BBY5-50, instead of a unidirectional trend, the data exhibits a change of tendency 

in the middle, first a downward slope in the low concentration end, followed by an upward trend 

from 10µM to higher doping concentration.  The change in the trend indicates that produce 

softening and then hardening.  When there is no dopant, dislocation nucleation is required for 

deformation to occur, which is a barrier to overcome for the rigid, closed-packed pure UA.253  

Introducing a small quantity of defects in the lattice introduces a heterogeneous nucleation source 

for dislocations, resulting in  softening, as in the “uncolored” (210) growth sector of UA-BBY5 

and UA-BBY10.  

          At higher dopant concentrations, the defect density acts as a barrier to dislocation glide 

resulting in strengthening, as shown in Figure 3.4.  In UA-BBY5 and UA-BBY10, the “colored” 

(001) sector with more dopants has higher E and H than the “uncolored” (210) sector. In the (210) 

sector there are fewer defects that are just effective enough to soften it, whereas in the (001) sector 

the second mechanism, hardening begins to take effect. It is known that the parameter that defines 
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the resistance to plastic deformation is the total dislocation density.257  Figure 3.4 illustrates this 

dependence. With the appearance of dislocations, the yield strength decreases rapidly to a 

minimum at the critical dislocation density Nc; with a further increase in density, dislocations begin 

blocking each other resulting in higher strength.257,258 The softening region formed in the weld 

zone of copper due to the lower density of dislocation relative to the base metal is an example of 

similar experimental findings.259  

Solid solution strengthening is well-established in metallic materials. A hardening effect 

of one tautomer in a molecular crystal which can adopt a different ratio of the two tautomers was 

reported.260  For alloys, it is most often an augmented action by additives, and the composition of 

minor components is commonly at 10% or more.261  In classical alloys, the most often trend is 

strengthening due to pinning as dislocation density becomes large. The softening observed here is 

not seen in alloys. The magnitude of the effect we observed is thought to be due to the significantly 

increased energy required to nucleate dislocations in molecular crystals.  

Based on the dopant inclusion quantification by both solution and solid state UV-Vis, and 

based on the UA crystal structure, we can have an estimation of the defect density in the doped 

crystals (assuming dopant distribution along a axis is even). Taking the dye to uric acid ratio as 

1:104, assuming the unit cell is an orthogonal box, and using the unit cell dimension and Z=4, we 

obtained a defect density value of 8.7x1010 /cm2. This value is comparable to the defect density on 

the strength-dislocation density curve.258  For the estimated value of each group of UA-doped 

crystals, this number would need to be adjusted according to the value of bulk inclusion.  

The ratio of hardness to reduced modulus (H/E) shows a trend consistent with the modulus 

change, reverse to the modulus.  It seems that UA-BBY25 is an outlier, probably due to its 
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particularly high hardness.  H/E is associated with some quantities such as brittleness, deformation 

relative to yielding, and the ratio of irreversible work to total work.262–264  More brittle material 

can usually undergo size reduction by milling more easily. Maintaining a balance between 

plasticity and brittleness of formulation is therefore an important objective for developing a 

successful tablet.265   In our study,  the H/E trend is smoother than both E and H, indicating that 

this parameter may be useful in helping assess material behaviors or to aim for targeted properties. 

The representative load-displacement curves of UA-MB and UA-BBY in Figure 3.3 and 

3.4 are the ones that derive mechanical properties closest to the average value of each group of 

crystals. One feature, that is easy to overlook on those curves indicates the dislocation movement 

created by these intentionally introduced defects. The feature is that those curves of UA-BBY and 

UA-MB, at the maximum load, have a larger plateau (or creep) compared to pure UA. This is true 

in all doped crystals except for UA-BBY50.  This echoes with our findings that in UA-BBY50 

there’s phase segregation which leads to resemblance of UA-BBY50 to the pure UA (vide infra).  

The creep spotted here should be dislocation creep, a mechanism involving motion of dislocations. 

Other mechanisms, grain boundary sliding and diffusion flow, are not applicable to our system.266  

What mainly accounts for the creep should be the dislocation slip that are hindered.  There are 

different ways in which the movement of a dislocation can be slowed or stopped.  When a 

dislocation moves along several different glide planes, it can have different velocities in these 

planes, due to the anisotropy of some materials. Dislocations can also encounter other defects in 

the crystal on their ways, such as other dislocations or point defects. The rate-determining step for 

their motion can also be combined with climb process, which requires diffusion and is thus time-

dependent and favored by higher temperatures. This detail is an evidence that corroborates the 
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pivotal role of dislocations movement in dictating mechanical properties of our doped crystal 

system.  As this mechanism is highly dependent on the applied stress, it might be an interesting 

subsequent study to monitor this behavior using different loads. This would provide more 

information regarding the mechanism and properties of the processed materials. 

In UA-MB, it seems that for a molecule that is merely a substitutional impurity that is being 

incorporated, it doesn’t bring about a potent change so that material property is highly dependent 

on it.  Simple inclusion without causing systematic or secondary defects proved to be not affecting 

the properties that much further once it reaches certain amount.  MB doped crystals are 

homologous with the pure rather than the BBY doped crystals, embodied in the morphology and 

the structure – according to the single crystal diffraction results.  

BBY, on the other hand, has a strong effect on uric acid crystal growth, underlined by the 

crystal habit evolution indicating interactions between BBY and uric acid moiety leading to an 

altered growth rate of faces. From the face index249 and morphology change with increasing BBY 

concentration, we know that the BBY molecule, on top of its larger size, interacts with the carbonyl 

group composing the face (201) of UA, and thus inhibits growth of this face making it more and 

more prominent.  So in here, one case (UA-MB) is more toward a simple overgrowth of inclusion, 

the other (UA-BBY) is where strain and redirecting of growth take place. The host molecules could 

not simply bypass the incorporated dopant because of the stereoselective binding thus line defects 

– dislocations are produced.  From the fact that the impurity which gives rise to ubiquitous 

structural defects is the dopant that poses a strong effect on crystal habit, it’s not bold to associate 

the binding capability of the impurity to the host molecule with the likelihood to cause dislocation 

formation. 
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Generation of a screw dislocation was depicted in cystine crystal by inclusion of a hematite 

particle in a certain orientation implying that shape and orientation of the particle matters for 

dislocation generation.267  For our system it is hard to have such an observation - a direction vision 

of dislocation, since the crystal has low symmetry and is slow to grow.  Dislocation appearance 

behind an inclusion has been correlated with its size: small inclusions emit only a few dislocations 

or are dislocation-free and large inclusions (>50 µm) often emit bundles of dislocations.244 Yet 

there are cases where no dislocation generation was observed for a large inclusion. Size of our 

inclusion is by no means large compared to the aforementioned study. So our case also shows that 

size may not the be the decisive factor. There are other factors that might be responsible for the 

exceptions, such as the interaction between the foreign particle and the host unit. 
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Figure 3.3. Representative load-displacement curve of UA-MB (210) and (001) growth sector, 

modulus, hardness and hardness/modulus of UA, UA-MB (210) and (001). 
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Figure 3.4. Representative load-displacement curves of UA-BBY5, UA-BBY10 UA-BBY25 and 

UA-BBY50; comparison of modulus and hardness /modulus of UA-BBY with distinguished 

sectors of UA-BBY5, UA-BBY10. 
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Table 3.1. Modulus and Hardness of Each Type of UA-dye Crystals. 

 
 

Mater

ials 

UA* (210) 

UA-

BBY5 

(001) 

UA-

BBY5 

(210) 

UA-

BBY10 

(001) 

UA-

BBY10 

UA-

BBY25 

UA-

BBY50 

(210) 

UA-

MB50 

(001) 

UA-

MB50 

Modu

lus 

(GPa) 

17.73 
±2.32 

10.03 

±5.93 

13.20 

±4.98 

8.82 

±5.36 

 

12.19 

±3.82 

 

14.60 

±5.18 

 

15.33 

±5.28 

 

12.79 

±2.71 

 

11.05 

±2.83 

 

Hardn

ess 

(GPa) 

1.18 

±0.16 
 

1.00 

±0.34 
 

1.09 

±0.34 
 

0.78 

±0.40 
 

0.93 

±0.36 
 

1.19 

±0.31 
 

0.97 

±0.38 
 

0.93 

±0.31 
 

0.87 

±0.28 
 

*=Chapter 2 

   In order to assess the significance of the apparent differences in the means of the modulus 

data, a two-step process was employed.  First, the F-test was used to test for equality of two 

variances where: 

                                   F = (s1)
2/(s2)

2   (s1 > s2)      (3.4) 

and s1 and s2 are the standard deviations (s2 = variance).   

           Based on the results from the F-test either a Student t-test (variances equal) or Welch’s t-

test (variances not equal) was used.  The significance of the differences between the means were 

evaluated using a two-tailed t-test test at the 95% confidence interval (p=0.05).  For equal variances 

(Student t-test), the t statistic is calculated as:  

 

                                                       𝒕 =
�̅�𝟏− �̅�𝟐 

𝒔𝒑
 · √

𝒏𝟏𝒏𝟐

𝒏𝟏+𝒏𝟐
                                                            (3.5) 
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where �̅�1 = mean of the samples set 1, n1 = number of measurements in sample set 1, sp is an 

estimator of the pooled standard deviation of the two samples, and (n1 + n2 - 2) is the total number 

of degrees of freedom. 

𝒔𝒑 = √
(𝒏𝟏 − 𝟏)𝒔𝟏

𝟐   +  (𝒏𝟐 − 𝟏)𝒔𝟐
𝟐

𝒏𝟏 + 𝒏𝟐 − 𝟐
 

For unequal variances (Welch’s t-test), the t statistic is calculated as: 

                                                               𝒕 =  
�̅�𝟏− �̅�𝟐 

�̅�𝜟
                                                                  (3.6) 

where 

𝒔𝜟 = √
𝒔𝟏

𝟐 

𝒏𝟏
+

𝒔𝟐
𝟐

𝒏𝟐
 

And the degrees of freedom is calculated using: 

Degrees of freedom =
(

𝒔𝟏
𝟐 

𝒏𝟏
+

𝒔𝟐
𝟐

𝒏𝟐
)𝟐

(𝒔𝟏
𝟐/𝒏𝟏)𝟐

𝒏𝟏−𝟏
+ 

(𝒔𝟐
𝟐/𝒏𝟐)𝟐

𝒏𝟐−𝟏

 

is an estimator of the pooled standard deviation of the two samples. (n1+n2-2) is the total number 

of degrees of freedom. 

The F-test comparison of the UA-dye (UA-BBY5, UA-BBY10, UA-BBY25, UA-BBY50, 

UA-MB50 ) and pure UA data,  showed the variances were not equal at the 95 % confidence level.  

Therefore it was necessary to use Equation 3.3 to assess whether the means were statistically 

different.   However, for comparison of the UA-MB50 data with that for pure UA, the variances 
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were found to be equal.  In all cases, comparison of the mean values for the modulus of the UA-

dye samples were statistically different than that of pure UA.   

 

 

3.5 Macroscopic Defects in UA-BBY 

Crystal defects such as twinning and dislocations are identifiable by microscopy and 

characterized in UA-BBY25 (Figure 3.5).  In UA-BBY5 and UA-BBY10, there are visible bunches 

or lath-shaped terrace – dislocation effect on crystal growth.61  In UA-BBY50 exclusively, striations 

– a sign of impurities segregation were observed (Figure 3.6).268 
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Figure 3.5. Optical microscope and SEM image of UA-BBY25 exhibiting twinning in this type 

of crystal. 

 

 

Figure 3.6. (a-d) Photomicroscopy of UA-BBY5-50 single crystal with characteristic structural 

features.  Scale bar = 200 µm. 

 

Twinning is ubiquitous in UA-BBY at all doping concentrations. Based on single crystal 

XRD, it is Carlsbad-type twinning.  Carlsbad twinning is a type of the penetration twinning with 

[001] as the inversion axis and per Carlsbad law, crystal twinned show two intergrow crystals, one 

rotated 180 from the other about the 001 axis. Crystal structure information is listed in Table 3.2 

and PXRD confirmed the crystals are of the same phase (Figure 3.7).  
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Figure 3.7. PXRD of UA, UA-MB50, and UA-BBY5-50. 
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Table 3.2. Summary of Crystallographic Data for UA, UA-BBY and UA-MB Crystals. 

 

 

The reason for the significant twining in UA-BBY is that the growth step is pinned by the 

incorporated impurities and a new interface is created for twin parts to grow.269  The orientation 

of BBY molecule, which has a much stronger interaction with uric acid, is likely in a way that the 

binding motif of uric acid is pinned by BBY through hydrogen bonding with those amine groups 

on BBY(Figure 3.8).  The orientation of MB in UA-MB was previously determined based on 

microspectroscopy and knowledge of the transition dipole direction.270 MB is assumed to 

substitute for ~2 uric acid molecules within a hydrogen bonded ribbon (Figure 3.9).  BBY 

inclusions are more challenging to model due to its conformational flexibility, however, its larger 

size requires it spans at least two molecular layers (1 unit cell) in UA.  Compared to MB, BBY is 

more than a substitution of lattice points but rather a lattice disturber that can direct subsequent 

growth. 
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Twinning may occur when the unit cell has higher symmetry than implied by the space 

group of the crystal structure.271 An example of a system that might be susceptible to twinning is 

a monoclinic crystal structure in space group P21/c where the unique angle β is very close 

(basically equal) to 90°. The lattice point group mmm contains symmetry elements that are not in 

the crystal structure point group 2/m. Under such conditions, ‘mistakes’ can occur during crystal 

growth such that different regions of the crystal (domains) have their unit cells related by symmetry 

operations which are elements of mmm but not 2/m: a twofold axis about a, for example. UA has 

the very same system, a crystal structure in P21/c space system with β very close to 90°. This 

explains why in pure UA as well as UA-MB, based on our single crystal diffraction data, there are 

diffraction patterns that are due to the twin part, even though in very small fraction (Table 3.1).  

 

             

Figure 3.8. Model for inclusion in UA-MB and UA-BBY lattices. 
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3.6 Statistical Analysis of Pop-ins 

We counted the numbers of pop-ins on each load-displacement curve of all the samples 

tested and conducted statistical analysis on the data.  Figure 3.10 shows the frequency of a certain 

number of pop-ins in each set of crystals. The average value of the number of pop-ins is pure UA: 

13.75, UA-BBY5 (210): 11.23, UA-BBY5 (001): 10.93, UA-BBY10 (210): 13.73, UA-BBY10 (001): 

11.36, UA-BBY25: 8.96, UA-BBY50: 5.08 (Table 3.). For UA-MB50, it is UA-MB50 (210): 9.62, 

UA-MB50 (001): 10.38. The number of pop-ins of UA-BBY correspond to the trend in the modulus. 

The number of pop-ins goes up from 5µM to 10µM and then quickly goes down when the doping 

concentration increases to 25µM and 50µM.  We believe that the result of the statistical analysis 

supports the strengthening mechanisms proposed for the mechanical properties of UA-BBY.  The 

number of pop-ins indicates that at low doping concentration, dislocation nucleation is facilitated, 

while at higher doping concentration such movements are significantly impeded. It is noteworthy 

that in UA-BBY50 there is a big portion (highest frequency) of data with no pop-ins. 

 

Table 3.3. Average Number of Pop-ins on an Indent for Each Type of Crystals. 

 

Materials 

UA (210) 

UA-

BBY5 

(001) 

UA-

BBY5 

(210) 

UA-

BBY10 

(001) 

UA-

BBY10 

UA-

BBY25 

UA-

BBY50 

(210) 

UA-

MB50 

(001) 

UA-

MB50 

Average # of 

pop-ins 

13.75 11.23 10.93 13.73 11.36 8.96 5.08 9.62 10.38 

# of samples 4 5 6 5 7 6 5 11 10 
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Figure 3.9. Statistics of pop-in occurrence of each type of crystal. Shaded bars represent 

colored sectors.  
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3.7 Conclusions 

We have correlated the mechanical properties of UA single crystals with quantified 

dopants/defects in the lattice at very low concentrations.  Unlike metals that have abundant 

available slip systems, the mechanical response of lower symmetry UA crystals is highly 

anisotropic such that any dislocation movement is expected to create large discontinuities.  At the 

lowest dopant levels (< 0.01%) both UA-MB and UA-BBY show a reduction in modulus compared 

to pure UA, presumably due to the nucleation of dislocations which allow uniaxial stress to be 

better dissipated more efficiently.  Higher defect concentrations (~0.1%) appear to induce twinning 

and lead to material strengthening by restricting and/or pinning dislocation motion.  These 

competing effects can be used to dramatically alter the mechanical properties of single crystal 

organic materials. Statistical analysis of the data indicates that the number of  pop-ins which are 

due to dislocation movements is associated with the mechanical properties and corroborates the 

strengthening mechanisms proposed.  
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4. Hardening Hydrates 

4.1 Introduction 

Doping, a strategy of intentional introduction of impurities, is a well-established method 

for tuning the properties of inorganic materials.  For example, they are used to modulate the band 

gap in semiconductors.1,2  However, the study of the effect of dopants on the physical properties 

of molecular crystals is limited. The previous chapter showed that dopant inclusion could be used 

as a way to alter the mechanical properties of anhydrous uric acid (UA) crystals.  This chapter 

explores doping strategies as a way to engineer the properties of uric acid dihydrate (UAD). 

Hydrates are an important class of pharmaceutical compounds.  The presence of water 

molecules alters the intermolecular interactions within the solid hence affects the physical 

properties such as solubility, dissolution rate, stability, and mechanical properties.272  Stability is 

among primary concerns in pharmaceutical industry. The most stable form is usually selected to 

mitigate the risk of phase transformations.  But the disadvantage of the stable form is that it is the 

least soluble therefore with lowest bioavailability.  Solid form selection is a process with making 

rational compromises.  If we can modify the properties of a solid form, we may be able to achieve 

a more efficient development of API.  

Intrinsically associated with hydrates is dehydration.  It can occur spontaneously if the 

hydrate is not the stable form. This phase transition process has been investigated for a variety of 

compounds which has different applications.48,273–275  The mechanism(s) of dehydration remain a 

challenge to study.  There are few literature examples which elaborate this process in structural 

terms - such as where the water molecules exit the lattice, how the host molecules rearrange, and 

what factors may alter this process.  Using different characterization tools, this study shows how 
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dopants affect the dehydration process.  Both the thermal and mechanical effects of dopants are 

considered. 

Previous members of the Swift group have investigated the dopant inclusion and its effect 

on crystal morphology in a series of molecular dyes.252,270  The solid state dehydration mechanism 

and kinetics of pure UAD was also analyzed as a function of crystal size and environmental 

conditions, such as temperature and relative humidity.40  Although pure UAD readily dehydrate 

under ambient conditions, UAD crystals grown in vivo reportedly exhibit higher thermal 

stability.276  Believing this property change was likely due to the inclusion of impurities in the host 

matrix, the properties of UAD crystals doped with synthetic dyes was examined in order to 

determine if the effect could be replicated and explained on the molecular level.115  This chapter 

examines the thermal, structural and nanomechanical changes of UAD-dye crystals in relation to 

previous work on pure UAD.   

 

4.2 Experimental 

4.2.1 Crystal Growth 

           All chemical reagents were used as received.  Water was purified by passage through the 

PURELAB flex water purification system (ELGA Labwater LLC).  UAD crystals were grown 

from supersaturated uric acid (Aldrich, 99+%) aqueous solutions (18 mg in 100ml, or 1 mM) at 

room temperature according to established procedures. UAD crystallizes in 1-2 days as clear 

rectangular (001) plates.   The crystals were vacuum-filtered through Whatman #1 filter paper and 

either used immediately or stored in sealed vials in the freezer. 

          A stock dye solution was prepared by dissolving 10 mg of Bismarck brown Y [10114-58-6] 
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(Aldrich, 53%) in 50 mL of deionized water.  Dye solution was added to the supersaturated uric 

acid solutions to yield a final dye concentration of 5, 10, 25 and 50 µM.  A stock dye solution was 

prepared by dissolving 10 mg of Methylene Blue [7220-79-3] (Aldrich, 98%) in 50 mL of 

deionized water.  Dye solution was added to the supersaturated uric acid solutions to yield a final 

dye concentration of 50 µM.  The reddish-brown and blue solutions were allowed to crystallize at 

room temperature.  Colored crystals appeared within 2 days.  We refer to the dye-doped crystals 

as UAD-MB50 and UAD-BBY5, UAD-BBY10, UAD-BBY25 and UAD-BBY50 to specify the 

[dye] in the growth solution.  The crystals were transferred to a glass microscope slide with a 

disposable Pasteur pipet, and examined with optical microscopy.    

 

4.2.2 Quantification of Included Dyes in UAD-BBY and UAD-MB 

          The concentrations of BBY and MB included in UAD-BBY and UAD-MB crystals were 

quantified by absorption spectroscopy using and Agilent 8453 UV-Vis spectrophotometer.  A 

calibration curve was made from prepared standards (five different dye concentrations in 8mM 

uric acid).  UAD-dye crystals were dissolved in 1M NaOH.  The measured absorbance at 465 nm 

and 660 nm for BBY and MB, respectively was compared to the calibration plot and the average 

[dye] in UAD-dye samples was determined from the standard curve.  The [BBY] included in UAD-

BBY5, UAD-BBY10, UAD-BBY25, UAD-BBY50 are 8.2, 8.92, 11.22, and 24.82 per 104 uric 

acid molecules. The [MB] included in UAD-MB50 is 11.40 per 104 uric acid molecule. 

 

4.2.3 Thermal Analysis 

           Differential scanning calorimetry (DSC) was performed using a TA Instruments 2920 
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Modulated differential scanning calorimeter using 2 mg samples, closed aluminum pans, and 

heating at a ramp rate of 10 oC/min from 24 to 300 °C. Isothermal dehydration was performed 

using a TA Instruments TGA_Q50 thermogravimetric analyzer.  Pure UAD and UAD-BBY 

samples (10 mg) were isothermally dehydrated at 40 oC for ~100 min.  The data obtained under 

these isothermal conditions were fit to standard kinetic models277–279 shown in Table 4.1 to 

determine the most probable dehydration mechanism. 

 

Table 4.1. Solid State Dehydration Models Examined 

Equation, g(α)=kt Mechanism 

[-ln(1-α)]1/2=kt 2D growth of nucleia 

[-ln(1-α)]1/3=kt 3D growth of nucleia 

[-ln(1-α)]1/4=kt 3D growth of nucleia 

α2=kt 1D diffusion 

(1-α)ln(1-α)+α=kt 2D diffusion 

[1-(1-α)1/3]2=kt 3D diffusionb 

(1-(2/3)α)-(1-α)2/3=kt 3D diffusionc 

α=kt 1D phase boundary 

1-(1-α)1/2=kt 2D phase boundaryd 

1-(1-α)1/3=kt 3D phase boundarye 

 

 

 

aAvrami-Erofeev equation. bJander equation. cGinstling-Brounshtein equation. dContracting cylinder. 
eContracting sphere. 
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4.2.4  Optical and Scanning Electron Microscopy (SEM) 

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

a Lumenera's INFINITY camera operated with INFINITY ANALYZE software.  

UAD crystals dehydrated under TGA conditions were observed with a Zeiss SUPRA55-

VP Scanning Electron Microscope (SEM) used at an acceleration voltage of 1kV with secondary 

electrons. Samples were placed on an aluminum mount (Amray Instruments, 3.1 mm diameter) 

covered with carbon tape. 

 

4.2.5 Atomic Force Microscopy (AFM) 

          AFM experiments were performed in contact mode using a Nanoscope IIIa Multimode 

instrument (Digital Instruments, Santa Barbara, CA) equipped with a fluid cell and a piezoelectric 

stage (J-scanner) with a maximum effective scan area of 30 × 30 µm2 (o-ring limited).  All 

cantilevers were Si4N3 with manufacturer reported spring constants of ~0.58 N/m.  All AFM 

topographs are presented as deflection images unless otherwise specified. Single crystals with 

well-defined and visually flat (001) faces were selected and mounted to a 15mm diameter glass 

coverslip with 5-min epoxy (Loctite), which was then affixed to the sample puck with 5-min epoxy 

(Loctite).   

For in situ dissolution experiments, the sample was placed in a fluid cell which was linked 

to a custom-designed fluid reservoir on one side and a 10-mL Hamilton gastight syringe on the 

other.  A solution flow rate was 5 μL/min was controlled by a syringe pump (KD Scientific model 

KDS210, New Hope, PA).  The same water source was used as the etching solution (DI water 

purified from Purelab flex).  All experiments were performed at room temperature.  Image 
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processing and analysis was performed by the build-in software Nanoscope 5.31r1 and Nanoscope 

Analysis.  All data presented are raw unfiltered images. 

The RMS roughness (Rq) on (001) UAD-MB50, UAD-BBY5, UAD-BBY10, UAD-

BBY25 and UAD-BBY50 were determined using equation (4.1),    

                                             
( )

N

Z
R

i

q


=

2

                                                           (4.1) 

where N = the number of data points in the image area and Z = the vertical distance of a point to 

the mean plane surface.  Values were calculated from a 10×10 µm area on multiple single crystals 

and are reported as an average.  Results are UAD-MB50: 3.67 ± 0.60 nm (n = 13), UAD-BBY5: 

4.91 ± 2.73 nm (n = 15), UAD-BBY10: 8.27 ± 7.90 nm (n = 15), UAD-BBY25: 14.91 ± 10.05 nm 

(n = 36), UAD-BBY50: 9.70 ± 6.16 nm (n = 20).  For comparison, pure UAD: 5.36 ± 3.26 nm 

(Chapter 2). 

 

4.2.6 Nanoindentation 

          Nanoindentation experiments were performed on (001) surfaces of UAD, UAD-MB and 

UAD-BBY single crystals with a Triboindenter 950 (Hysistron, Minneapolis, MN) located in the 

Center for Integrated Nanotechnologies at Los Alamos National Laboratory.  A cono-spherical tip 

(effective radius = 0.906 µm) was used to avoid convoluted anisotropies between the tip and 

sample.  UAD-BBY crystals were harvested from the growth solution and quickly (~30-60 min) 

dispersed onto a glass cover slip coated with a thin layer of superglue.  Smooth areas for 

indentation were selected optically; multiple indents on the same crystal were separated by at least 

20 μM or more.  The same optimized load functions determined for UAD (reported in Chapter 2) 
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were used here for UAD-dye crystals - a load rate of 5μN/s and a 150s holding time at the peak 

load of 100µN.  The Oliver-Pharr method228 was used for determining the tip-sample contact area 

using an Aluminum calibration standard.  Post-indent images were obtained using an incorporated 

AFM and analyzed by SPIP software.   Two loading procedures were examined - one is quick 

indent (no holding time), the other is the load method used for modulus measurement (with 150s 

holding time).  Data points with contact depths below 200 nm were used to calculate the average 

modulus reported. 

 

4.3 Morphology and Surface Structure  

        For UAD doping studies, we focused on two different dyes - methylene blue (MB) and 

Bismarck brown Y (BBY).  These dyes differ in many respects, but most notably in their size and 

conformational flexibility.   The selection of these two dyes for this study is largely due to their 

historical use in previous uric acid staining studies.280–282  A larger systematic study on dye 

inclusion in UAD matrices was reported more recently by our group, and includes more details on 

these and several other dyes.252   Unlike dye inclusion in UA249 which reliably yielded plates with 

hourglass patterns, the UAD study found that the inclusion behavior was more variable across the 

many dyes examined.   

Pure UAD crystals typically deposit as rectangular (001) plates bounded by (011) and (102) 

side faces (Figure 4.1).  At low dye solution concentrations (5 and 10 M BBY), hourglass 

inclusions are recognizable in UAD-BBY, although some dye was usually included throughout the 

matrix.   As the solution BBY concentration increased (25 and 50 M BBY), the entire crystal 

appears darkly colored.  Increasing dye concentrations also had a noticeable impact on the crystal 
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habit.  Compared to pure UAD, the morphology changes observed in UAD-BBY5 and UAD-

BBY10 are minor, reflecting the appearance of small (210) side faces.  However, as the solution 

BBY concentration increases, these faces become more prominent and the (011) and (102) side 

faces decrease in relative size.  For UAD-BBY25, this usually leads to a mixture of crystal habits 

including octagonal, hexagonal and rhombic plates.  Almost all UAD-BBY50 crystals adopt a 

rhombic plate morphology in which the (210) are the dominant side faces.  The diversity of 

morphologies within a given growth batch is shown in Figure 4.2.  In contrast, UAD-MB50 

crystals appear as rectangular plates identical to pure UAD, and exhibit less specificity in the 

distribution of MB within the matrix.270 

 

 

Figure 4.1. A schematic illustrating how the crystal habit changes as a function of BBY 

solution concentrations and representative microscopy images of UAD-BBY5, UAD-BBY10, 

UAD-BBY25 and UAD-BBY50.  Scale bar = 200 µm. 
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Figure 4.2. Optical micrographs of UAD, UAD-BBY crystals grown from solutions with 

[BBY] = 5, 10, 25 and 50 µM, and UAD-MB crystals grown from solution with [MB] = 50 

µM. Scale bar = 200 µm. 

 

 Pure UAD crystals have relatively smooth (001) surfaces (RMS roughness = 5.36 ± 3.26 

nm), as discussed in Chapter 2.  AFM imaging in air was used to similarly characterize the (001) 

surfaces of UAD-MB50 and UAD-BBY crystals.  UAD-MB50 (RMS roughness of 3.67 ± 0.60 

nm (n = 13)), UAD-BBY5 (RMS roughness = 4.91 ± 2.73 nm (n = 15)) and UAD-BBY10 (RMS 

roughness = 8.27 ± 7.90 nm (n = 15)) surfaces are also molecularly smooth, both when imaged at 

the center of the crystal as well as near the edge (Figure 4.3 a&b).    

As the [BBY] in the growth solution increases to 25μM, some distinct differences in 

surface topography are observed.  The (001) surface of UAD-BBY25 shows a general increase in 

the number of macrosteps, however they do not exhibit any obvious preferred orientation and are 

separated by large terraces that appear visually smooth (RMS roughness = 14.91 ± 10.05 nm (n = 



93 

 

 

36)).  There are some qualitative differences depending on whether the imaging occurs in the center 

of the (001) face (Figure 4.3c) or closer to the edge (Figure 4.3d).  Near the edges, a close-up of 

the terrace areas reveals a topography characterized by rough triangular-shaped growth features 

which are mutually aligned and a few nanometers in height.  In Figure 4.3d, the X-scan direction 

is parallel to the a-axis, meaning the triangular features orient along the ± b-axis with the acute 

angle pointing toward the closest edge of the crystal.  The orientation makes these features more 

or less parallel with the (210) side faces.  UAD-BBY50 crystals exhibit the same general 

topography, but additionally show to the presence of elongated pits.  For example, in Figure 4.3e, 

the pit indicated with the blue line has a depth of 72 nm and width of 2 μm and the one to its lower 

left has a depth of about 18.5 nm.  Qualitative differences in the topographs collected at the center 

(Figure 4.3e) and edge (Figure 4.3f) are much more subtle in UAD-BBY50 than in UAD-BBY25.  

The average roughness on UAD-BBY50 is still relatively low, 9.70 ± 6.16 nm (n = 20).  
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Figure 4.3.  Representative AFM images of the (001) surface topography of (a) UAD-BBY5, 

(b) UAD-BBY10, (c and d) UAD-BBY25 at the center and edge, and (e and f) UAD-BBY50 

at the center and edge.  Images (a)-(d) are 10 µm2; image (e) is 20 µm2; image (f) is 30 µm2.  The 

X-scan direction is parallel to the a-axis in all crystals.   

 

4.4 Dye Inclusion 

The average concentration of dye included in UAD-BBY and UAD-MB crystals was 

quantified by absorption spectroscopy measurements obtained on batches of UAD-dye crystals 

dissolved in 1 M NaOH.  The measured absorbances at 465 nm and 660 nm for BBY and MB, 

respectively, were compared against calibration standards.  The average [BBY] included in UAD-
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BBY5, UAD-BBY10, UAD-BBY25, UAD-BBY50 were 8.20, 8.92, 11.22, and 24.82 per 104 uric 

acid molecules.  The average [MB] included in UAD-MB50 was 11.40 per 104 uric acid molecules.  

However, molecular-level concentrations within an individual crystal and between crystals can 

presumably vary.  

 A model for the how MB orients in UAD-MB was previously put forth by Sours et al,270 

based on UV/Vis microspectroscopy measurements.  Although the absolute position of the dye in 

the crystal can not be determined, the MB transition dipole was found to be aligned with the H-

bond ribbon direction.  Based on this orientation, it could be surmised that that each included MB 

replaces 2-3 uric acid molecules within a single 1-dimensional hydrogen-bonded ribbon.  This 

means the dye is confined to a single layer within the (001) plane (Figure 4.4).  Charge balance is 

achieved by inclusion of a urate anion.  Analogous attempts to determine the orientation of BBY 

within UAD-BBY crystals were complicated by the fact that BBY is conformationally flexible.115  

However, given its molecular structure - three aromatic units and a non-linear shape, it cannot fit 

within one (001) molecular layer and must span across at least two uric acid layers in UAD.  We 

assume two of the aromatic rings can replace uric acid molecules in a single ribbon with the third 

replacing a uric acid molecule in the adjacent layer. 
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Figure 4.4. Schematic showing how MB and BBY molecules include in UAD host lattices.  

MB can fit within a single uric acid ribbon in a single (001) layer, whereas BBY must span two 

(001) layers.  

 

          Further evidence for dopant inclusion throughout the crystal matrix is apparent from 

sequential AFM images collected on (001) UAD-BBY25 during dissolution in pure DI water 

(Figure 4.5).  There are clear differences in the internal structure of the doped crystal compared to 

pure UAD (Figure 4.6).  In pure UAD, the (001) topography is characterized by predominant 

molecularly flat terraces and well-defined steps.  Steps in close proximity to one another often 

align in the same direction, but across the entire surface there are many orientations observed.  Step 

heights typically correspond to one molecular layer (~9 Å) or multiples thereof.  In contrast, the 

steps on (001) UAD-BBY surfaces are less-well defined with rougher edges.  Step roughening has 

been reported as an indication of high incorporation of impurities on the crystal surfaces.283  

Several wedge-shape etch pits are also apparent, which are marked by blue asterisks in Figure 4.5.  

While the UAD and UAD-BBY25 surfaces are too complex to track the position of individual 

steps in sequential images, the dissolution rate normal to the (001) surface can be estimated based 

on the change in the Z-position of the sample.  The average dissolution rate normal to (001) in the 
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center of each crystal was UAD = 0.30 ± 0.05 nm/s (n = 5), and on UAD-BBY5 = 0.34 ± 0.07 

nm/s (n = 3), UAD-BBY25 = 0.31 ± 0.20 nm/s (n = 3), and UAD-BBY50 = 0.41 ± 0.40 nm/s (n = 

3).  Therefore, the dopant inclusion does not appear to have an appreciable effect on the solubility 

of the sample.   

 

 

Figure 4.5. Representative images of in situ AFM dissolution of (001) UAD-BBY25 in water.  

The crystal orientation is indicated.  All images are 10 μm2.  Time zero is ~ 2 minutes after solution 

flow was initiated.  
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Figure 4.6. Comparison of (001) surfaces of (left) UAD and (right) UAD-BBY25 after several 

minutes of dissolution in DI water.  Both images are 10 μm2.  Note the steps on UAD have 

irregular orientations but appear much more distinct than on UAD-BBY where the steps are 

roughened, consistent with impurity interactions on the growth steps.  

 

4.5 Thermal Stability and Dehydration Models 

One of the interesting observations made by previous group members was that pure UAD 

crystals and some UAD-dye crystals have different thermal stabilities.284  For example, pure UAD 

is known to dehydrate under ambient conditions.275  When heated in sealed pans at a heating rate 

of 10°C/min, DSC showed that UAD has a dehydration Tmax = 87.39 ± 0.2˚C.  The thermal 

properties of UAD-MB crystals grown from solutions with [MB] concentrations as high as 100 

µM were only slightly different (Tmax = 89.44 ± 0.34˚C), however, UAD-BBY25 was 

significantly more stable (Tmax = 95.94 ± 0.69˚C).  When heated isothermally at 40˚C, UAD is 

fully dehydrated after ~ 30 minutes, while the UAD-BBY50 requires a much longer time to effect 

the same water loss (Figure 4.7). 
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Figure 4.7. Representative TGA curves for isothermal dehydration of UAD (grey) and UAD-

BBY50 (red) at 40°C.  

 

Much of my work focused on trying to determine a more detailed molecular-level 

explanation to account for the increased thermal stability.  We considered several possibilities, 

some of which are not mutually-exclusive.  The first question we sought to resolve is if the solid 

state dehydration of pure and doped samples proceeds by the same or different mechanisms.  For 

any given hydrate, there are many possible solid state dehydration reaction mechanisms.  If a 

change in mechanism is observed, this would directly speak to the role dopants play in the 

dehydration.  To determine the most probable solid state dehydration mechanism, kinetic analyses 

of TGA data are required.   

In previous work, when isothermal kinetic data obtained from TGA dehydration 

experiments on pure UAD were fit to the dehydration models in Table 4.1, an equally high 

correlation was found for a 1-D phase boundary model and a 3-D nucleation and growth model.40  

Based on hot-stage microscopy experiments which showed highly ansiotropic dehydration, they 



100 

 

 

concluded that the 1-D phase boundary model was more probable.  When a similar set of 

isothermal TGA dehydration experiments were perfomed on UAD-BBY50, we found that the 

same two models - 1D phase boundary and 3D growth of nuclei, had similarly high correlation 

coefficients (Table 4.2).  The best fit in each experiment is highlighted in bold.  These results 

suggest that dopant inclusion in UAD does not fundamentally change the preferred mechanism for 

solid state dehydration.  

Table 4.2. Solid State Dehydration Models and the Correlation Coefficient for Each When Fit to 

TGA Data. 

Equation, g(α)=kt Mechanism 

UAD-BBY25 

#1 (Temp = 

40oC) 

UAD-BBY50 

#2 (Temp 

=40oC) 

UAD-BBY25 

#3 (Temp = 

40Co) 

[-ln(1-α)]1/2=kt 2D growth of nucleia 0.976 0.9631 0.9644 

[-ln(1-α)]1/3=kt 3D growth of nucleia 0.9923 0.9577 0.9781 

[-ln(1-α)]1/4=kt 3D growth of nucleia 0.9896 0.9349 0.9719 

α2=kt 1D diffusion 0.9598 0.9564 0.9654 

(1-α)ln(1-α)+α=kt 2D diffusion 0.9168 0.9005 0.9133 

[1-(1-α)1/3]2=kt 3D diffusionb 0.7844 0.7288 0.7593 

(1-(2/3)α)-(1-

α)2/3=kt 

3D diffusionc 

0.882 0.8562 0.8728 

α=kt 1D phase boundary 0.9883 0.9943 0.9949 

1-(1-α)1/2=kt 2D phase boundaryd 0.9815 0.9784 0.9808 

1-(1-α)1/3=kt 3D phase boundarye 0.9555 0.944 0.951 

 aAvrami-Erofeev equation. bJander equation. cGinstling-Brounshtein equation. dContracting cylinder. eContracting sphere. 
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4.6 Physical Role of Included Dopants  

 As has been previously reported, only neutral and cationic dyes appear to be included in 

UAD matrixes.  Anionic dyes tended to be excluded.  Since uric acid is a weak acid, one expects 

cationic and neutral additives to have a greater affinity for growing uric acid surfaces.285  By 

substituting cationic dye molecules (and urate counterions) for uric acid molecules, it changes the 

intermolecular interactions in the crystal.  The electrostatic and ion…water interactions are 

expected to be stronger, which could translate into higher temperatures or longer times needed to 

release water from the crystal.  Incorporating stronger interactions in the lattice may contribute to 

the enhanced thermal stability, but it can not fully account for it.  Both BBY and MB have similar 

+1 charges and include in similar concentrations in the UAD host lattice, yet BBY showed a much 

greater thermal enhancement effect even after normalizing for concentration.  We note that the 

chemical purity of BBY (Aldrich, 53%) is much lower than MB (Aldrich, 98%).  It is possible that 

our measurements of [BBY] in UAD-BBY reflect both BBY and some synthetic byproducts with 

slightly different (but unknown) molecular structures.   

We believe the size and shape differences in MB and BBY are important.  As previously 

discussed, MB fits in a single uric acid layer in UAD while BBY additives must span across two 

uric acid layers (Figure 4.4).  By spanning across two uric acid layers, it seems likely that included 

BBY molecules introduce physical blockages to water loss, which increases the material’s thermal 

stability.  Previous group members examined the growth of UAD in the presence of several other 

dyes with varied shapes and sizes and their resultant thermal properties.284  Four of the other dyes 

examined - Basic fuchsin (BF), New fuchsin (NF), Safranin O (SO) and Bismarck brown R (BBR) 

have molecular geometries that would require they span two or more uric acid layers if included 



102 

 

 

in UAD hosts.  Unfortunately the first three showed extremely low to negligible concentrations of 

included dye.  UAD growth in the presence of Bismarck brown R (BBR) exhibited behavior nearly 

identical to UAD-BBY.  BBR and BBY showed very similar results, which was not so surprising 

given  the similarity in their molecular structures  (BBR has an additional methyl group on each 

of the three aromatic rings).  Of the ten other dyes that, like MB, can in principle fit in a single 

ribbon in UAD, only one (Crysoidine G, CG) showed thermal increases comparable to BBY.  

Future experiments aimed at determining the orientation of CG in UAD-CG could confirm if it 

orients within a single ribbon or spans across layers.  If the latter orientation is observed, it might 

help explain its effect on the thermal properties.  That included dyes pose a physical block to water 

loss seems a compelling albeit probably simplistic explanation for the thermal stability increases 

seen in UAD-BBY.  

The UAD to UA transformation requires not only water loss, but collapse/rearrangment to 

the UA lattice.  The 2-dimensional uric acid layers are nearly identical in UA and UAD, but the 

distance between them is shorter in UA (6.56 Å) than UAD (8.73Å).  Dyes like BBY which bridge 

across multiple layers, in addition to posing a physical block to water loss, could also serve to 

reinforce the larger separation distance between uric acid layers.  Physical and mechanical effects 

are not mutually exclusive.  In fact, the time at which water loss initially appears (Figure 4.7) in 

the two materials is similar, though the overall rate of water loss is quite different.  Presumably 

any hydrate lattice can tolerate some fraction of water loss.  By strengthening the layer separation 

in UAD, UAD-BBY may be able to tolerate a higher fraction of water loss before collapsing to 

UA.  We looked for evidence of dopant-induced mechanical strengthening in two types of data.  

Nanoindentation experiments on UAD-MB and UAD-BBY provide a direct measure of the 
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modulus and hardness which can be compared against pure pure UAD.  Examination of the 

morphologies of the products formed by dehydrating UAD and UAD-BBY provide secondary 

indirect evidence for mechanical differences brought about by dye inclusion.   

 

4.7 Nanoindentation  

          In previous nanoindentation experiments on pure UAD,253 we found that regardless of the 

load or hold time, all indentation tests exhibited creep, as evidenced by the plateauing of the load-

displacement curves during the hold cycle as the indenter continues to penetrate the sample.  

Through a systematic examination of the load rates, load forces, and hold times, we determined 

that creep was minimized with a 100 μN load and a 20s (load) - 150s (hold) - 20s (unload) cycle.  

This same optimized indentation protocol was applied to UAD-BBY and UAD-MB.  Figure 4.8 

compares representative load-displacement curves obtained on UAD and UAD-BBY25.   Load-

displacement curves on UAD-BBY5, UAD-BBY10, UAD-BBY50 and UAD-MB50 (not shown) 

all have a similar smooth shape with no sign of pop-ins.    

We attempted to assess if the magnitude of the creep was different in UAD and UAD-dye 

samples.  Figure 4.9 plots the displacement during the 150 s hold time when indents were made 

on UAD, UAD-BBY25 and UAD-BBY50.  Notice that in UAD there is a nearly linear correlation 

between the load and the displacement over the entire range from 100 – 600 µN load force.  The 

largest displacements during the hold cycle are seen in UAD.  The inclusion of BBY dopants does 

not eliminate creep, but does decrease its magnitude.  The displacements in UAD-BBY50 are also 

smaller than UAD-BBY25, indicating increasing dopant concentrations serve to decrease the 

plasticity in the sample.  It is not clear that there is a statistical difference. Further work is required. 
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Figure 4.8. Comparison of representative load-displacement curves of UAD and UAD-

BBY25 at different applied forces using a 20 s (load) – 150 s (hold) – 20 s (unload) indent 

cycle. 

 

 

Figure 4.9. Comparison of the displacement observed in the different materials during the 

150 s hold time. UAD and UAD-BBY25 are from 3 datasets, UAD-BBY50 are from two datasets. 

Error bars represent standard deviation. (Two versions of the same image shown, just different X 

& Y scale) 

 

          The Young’s modulus and hardness were determined from the initial elastic unloading curve.  

Data are summarized in Table 4.3 and the modulus calculated from each indent is shown in Figure 

4.10.  Data for UAD is a combination of data points previously reported253 and newly acquired 



105 

 

 

data points, so that comparisons are based on a similar number of measurements on materials 

grown under the same solution conditions. In the case of the UAD vs UAD-dye comparisons, all 

sets showed no difference in variance between the pure and the doped samples, and equation 3.5 

was employed for the t-test.  Based on statistical tests, the data variances of UAD and all the UAD-

dye are the same. The average modulus for all UAD-dye crystals was statistically higher than for 

UAD, confirming that dopant inclusion does increase the mechanical strength.   

 The included [dye] was very similar in UAD-MB50 and UAD-BBY5, UAD-BBY10, and 

UAD-BBY25, with an average of 8 - 11 dye molecules per 104 uric acid molecules.  It was 

therefore not a surprise that the modulus values for these materials would be close.  UAD-MB and 

UAD-BBY25 have the nearly identical [dye], however, the former was on the lower end of the 

average and the latter on the highest end.  UAD-BBY50 had the highest modulus of all the samples 

tested, as well as the highest dye concentration (~24 BBY per 104 uric acid molecules).  While it 

would be nice to measure the moduli of UAD-BBY crystals with even higher included [BBY], 

increasing the [BBY] in the growth solution to 100 µM yielded much thinner crystals, which 

complicated their physical handling.  It may be possible to measure the mechanical properties of 

UAD-MB with higher included [MB].  Previous work by Zellelow284 showed that UAD-MB 

grown from [MB] = 200 µM solutions yielded crystals with ~30 MB included per 104 uric acid.  

Zellelow’s previous work on other dyes showed the range of included dye concentration was 

typically much narrower, making it more difficult to correlate dopant concentration and 

mechanical properties.   
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Table 4.3.  Summary of Nanoindentation Data Obtained on UAD and UAD-dye Crystals. 

sample No. indents 

(No. crystals) 

Average Modulus 

(GPa) 

Average 

Hardness (GPa) 

[dye] in UAD 

(per 104 uric acid) 

UAD 11 (3) 

24 (11) 

3.49 ± 0.54 * 

3.93 ± 1.80  

0.07 ± 0.01 * 

0.09 ± 0.04 

0 

UAD-MB50 32 (5) 5.36 ± 1.97 0.22 ± 0.09 11.4 

UAD-BBY5 31 (5) 5.74 ± 2.00 0.11 ± 0.05 8.2 

UAD-BBY10 27 (3) 5.20 ± 1.37 0.11 ± 0.08 8.9 

UAD-BBY25 24 (6) 5.70 ± 2.18 0.11 ± 0.03 11.2 

UAD-BBY50 31 (5) 7.82 ± 1.97 0.11 ± 0.02 24.8 

*= Chapter 2. 
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Figure 4.10. Modulus data obtained on each indent on UAD, UAD-MB50, UAD-BBY5, UAD-

BBY10, UAD-BBY25, UAD-BBY50. UAD-BBY5, UAD-BBY10, UAD-BBY25 have similar 

incorporated dye concentration. All indents were obtained using a 20s (load) – 150s (hold) – 20s 

(unload) protocol with a maximum penetration depth of 200 nm.  

 

4.8 Time-dependent Surface Response to Indentation  

          In Chapter 2, we showed that the cross-sectional profile of cono-spherical indents made on 

UAD undergo some interesting changes over time.  Time elapsed images (Figure 2.8) indicated 

that the indents became noticeably shallower over time so long as the indentation depths were 

∼100 nm.  With a holding time = 0 s, the indented site appeared to almost fully “self-heal”.  Indents 

with holding times = 150 s also showed this effect, but to a lesser extent with the indent becoming 

shallower at the bottom but wider at the top.  We presume these changes in indent profile were in 
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large part due to accelerated dehydration at the indent site, which was also evidenced by crack 

development from opposite sides of the indent.  

A limited number of post-indent AFM images of the surface were obtained on UAD-MB50 

(n=2) and UAD-BBY50 (n=1) samples for comparison.  Figure 4.11 shows one site on UAD-

BBY50 which was tracked for 60 min after a 100µN indent with a 20 s (load) – 0 s (hold) – 20 s 

(unload) cycle was made.  Like in UAD, cracks parallel to the ± a-axis develop over time, 

presumably reflecting a response to some dehydration-related instability.  Although the walls of 

the indent profile appear to widen (like in UAD), the depths do not appear to change as much, 

suggesting there is less “self-healing” in the doped sample.  A set of four 100µN indents on UAD-

BBY50 made with a 20 s (load) – 150 s (hold) – 20 s (unload) cycle did not develop cracks even 

over ~ 2.5 hr time (Figure 4.12).  Additional indents should be monitored to confirm the 

reproducibility of these general observations, but these results suggest that the UAD-dye crystals 

are less viscoelastic than undoped UAD.   
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Figure 4.11. (top) AFM images of the (001) UAD-BBY50 surface after a 130 nm indent was 

made over time.  A force of 100 µN was used, along with a 20 s (load) – 0 s (hold) – 20 s (unload) 

cycle.  Image size is 10 µm2. (bottom) Section profile of the UAD-BBY50 indent shown above.  

The cross-section is through the center of the indent and parallel to the b-axis.  
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Figure 4.12. AFM images of UAD-BBY50 after four 100 µN indents with a 20 s (load) – 150 

s (hold) – 20 s (unload) profile were made.  Image size is 30 µm2.  No cracks are observed even 

after 2.5 hrs.  

 

4.9 Macroscopic Fracture Patterns 

There are macroscopic differences in the polycrystalline products resulting from UAD and 

UAD-BBY dehydration, though the PXRD of the dehydration products resulting from both 

materials look identical.  Crystals of UAD and UAD-BBY25 were imaged with AFM while the 

temperature was incrementally raised.  Representative image series are shown in Figure 4.13 and 

Figure 4.14, respectively.  For UAD, the images collected at 25˚C and 37˚C look nearly identical.  

At 42˚C, the topography begins to change with the appearance of two sink areas.  By 47˚C, more 

dramatic changes are apparent as larger cracks begin to form.  Although the cracks are not perfectly 

straight, they show preferential alignment parallel to the crystallographic ± a-axis.  Interestingly, 

this is orthogonal to the visible macroscopic cracks on single crystals which tend to parallel the ± 

b-axis. (Note: the a- and b- axis labels are incorrect in reference 40.)  The distance between the 

multiple microcracks in AFM images is typically ~ 2-3 µm.  This general behavior is very 

reproducible across multiple samples.   
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          When UAD-BBY25 crystals were heated, their morphological changes were qualitatively 

different than UAD, but also varied a lot from crystal to crystal.  The most common features are 

illustrated in Figure 4.14.  Compared to pure UAD, there were generally far fewer major 

topographical changes observed in UAD-BBY25. Changes that did appear typically appeared at 

either later times or at higher temperatures.  In Figure 4.14, one very tiny crack (labeled 1, in red) 

appears in the upper right corner.  The crack lengthens dramatically over the next 5 minutes as 

seen in the sequential image.  Interestingly, the crack parallels the [210] direction (instead of the 

a-axis).   At higher temperatures, the original crack widens slightly and a second smaller crack 

(labeled 2, in red) aligned nearly perpendicular to the first appears.  Aside from the 2 cracks, the 

topography in the rest of the 10 µm2 image does not appreciably change.  While more than one 

crack was sometimes seen on other (001) UAD-BBY25 surfaces, in general the crack density was 

always significantly lower than in UAD.   
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Figure 4.13. AFM images of the (001) UAD surface in air at elevated temperatures illustrate 

how dehydration induces obvious changes in the surface topology.  All images are 10 µm2.  

Each image takes 2 min to acquire, the sample is heated to the next temperature (an increase of 

5˚C requires ~ 1min), and the next image is acquired once the sample reaches the set temperature.  
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Figure 4.14. AFM images of the (001) UAD-BBY25 surface in air at elevated temperatures 

illustrate how dehydration changes the surface topology.  All images are 10 µm2.   

 

SEM images of UAD and UAD-BBY25 crystals dehydrated isothermally at 40˚C for 90-

100 minutes are compared in Figure 4.15.  Consistent with AFM images, dehydrated (001) UAD 

surfaces have multiple cracks generally aligned with the a-axis (Fig. 4.15a) while the dehydrated 

(001) UAD-BBY25 surface looks comparatively smoother (Fig. 4.15c).  SEM also allows for 

viewing of the crystal side faces, which were not imaged with AFM.  The topography of the side 

faces are much more more dramatic.  The (102) and (011) side faces of dehydrated UAD have 

some large irregular cracks, but the most typical characteristic is the high density of small pores 
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(Fig. 4.15b).  Presumably these pores are where water molecules exited the lattice.  Many pores 

have diameters in the nanoscale. UAD-BBY25 crystals have (102), (011) and (210) side faces.  

The (102) and (011) faces tend to be smaller in UAD-BBY25 and the few images we have of them 

are fairly unremarkable in terms of their topography.  In contrast, the major side face, (210) UAD-

BBY25, surfaces have a distinctly different topography after dehydration with large splits and gaps 

that open up (Fig. 4.15d).  The orientation of the large gaps which align roughly parallel to the 

(001) plane.  The huge crack in a direction perpendicualr to a-axis on (001) of dehydrated UAD 

in Figure 4.15a is the ‘large crack’ aligned along b-aixs observed in host stage microscopy.40 

 

Figure 4.15. SEM images of (a,b – top row) UAD and (c,d – bottom row) UAD-BBY25 

isothermally dehydrated UAD 40oC.  Each face is labeled with the Miller Index associated with 

the fully hydrated phase.   
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The differences in the fracture patterns in UAD and UAD-BBY25 tell us something about 

the relative strength of the intermolecular interactions in the crystals and their mechanical 

properties.  In UAD (and to a lesser extent in UAD-BBY), crack formation parallel to the a-axis 

preserves the − stacking interactions within the crystal (which run along the a-axis), but must 

create breaks in the 1-dimensional hydrogen bonded ribbons which link uric acid molecules 

together in the (001) plane.  When BBY molecules include in UAD hosts, presumably two of the 

aromatic rings replace uric acid molecules in one ribbon/layer and the third replaces a uric acid 

molecule in a ribbon in the adjacent layer.   With two rings of a BBY spanning adjacent − stacks, 

even with low dye inclusion concentrations, it becomes more difficult to fracture along the a-axis, 

since that would require either the generation of  a much rougher surface (with part of a BBY 

molecule protruding) or breaking a covalent bond in BBY (probably too high an energy penalty).  

With reinforcement in the (001) plane, the separation of (001) planes becomes the weak point.  

Athough BBY molecules spanning adjacent (001) layers would also increase the cohesion strength 

between (001) layers, the reinforcement effect in that direction must not be as high.   It is harder 

to point to a reason why (102) and (011) side faces would be so different than (210) side faces.   

Overall these results strongly point to dye inclusion as a means to both physically block 

the water loss and mechanically reinforce the hydrated lattice.  

 

4.10 Conclusions 

          Inclusion of dopants significantly changed the mechanical properties of UAD. Both MB and 

BBY increased the modulus and hardness. BBY has more inclusion in the crystal lattice than MB 

and it poses potent effect on crystal morphology. UAD-BBY crystal habit shifts from rectangular 
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to rhombic as the doping concentration increases.  At higher concentration (25µM and 50µM), 

UAD-BBY adopt unique surface structures. Step waves and triangular crystallites are present.  In 

UAD-BBY50, there are characteristic oval pits on the surface indicating the perturbation of crystal 

growth. In situ AFM provided physical evidence for dopant inclusion in the crystal lattice – upon 

dissolution oval pits formation and expansion were observed in each type of crystals. UAD-

BBY50 has a significantly higher modulus and exhibited less viscoelasticity compared to pure 

UAD. UAD-MB has similar morphology and surface structure to pure UAD. 

          Thermal stability was enhanced in UAD-BBY.  Model fitting of thermal analysis data 

suggested that dehydration occurs via a one dimensional diffusion mechanism. SEM and AFM 

showed that the dehydration of pure UAD results in surface collapse and cracks on the (001) face 

consistently aligned along a axis with a spacing of about 2 nm. Such pattern is dictated by the 

crystallographic packing. Exit for water molecules was found to be at the side faces. UAD-BBY 

exhibited severe layer splitting on the side faces indicating the incorporated dye molecules blocked 

and redirected the pathway of water molecules.  

          This study showed that a very small quantity of dopant can exert great impact on the physical 

properties of molecular crystals. For a metastable hydrate, the fundamental properties such as 

thermal stability and mechanical properties can be significantly altered by doping approach. 
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5. Classical vs Non-Classical Assembly of Uric Acid Dihydrate 

5.1 Introduction 

Our understanding of crystal growth processes under biological or biomimetic conditions 

has evolved significantly over the past decade.  Classical crystallization theory assumes that 

ions/molecules add to the surfaces of stable nuclei, allowing for the layer by layer assembly of 

crystalline material.  It is now widely recognized that much of biomineral assembly occurs through 

“non-classical” crystallization, a multistep process involving the attachment and fusion of particle 

precursors.  The ability to transport inorganic material in the form of amorphous or nanocrystalline 

precursors conveys obvious advantages for living organisms which must build structural 

components on a macroscopic scale (e.g. bone, teeth, shells).  However, non-classical assembly 

has been observed even outside of biological systems, such as in the synthesis of zeolites286 and 

MOFs,287 and the formation of some molecular crystals.288–294  

Direct evidence for non-classical assembly typically comes in the form of electron 

microscopy or atomic force microscopy images of granular crystal surfaces.51,83  Other indirect 

evidence, such as the observation of anomalous polarity in centrosymmetric crystals, has been 

suggested as a consequence of non-classical growth.295,296  Smooth crystal surfaces, on the other 

hand, do not necessarily confirm that classical assembly prevailed.  In fact there is still much to be 

learned about the intricacies of how particles aggregate and coalesce over longer length scales and 

time periods.  If the factors that favor one assembly mode over another could be better understood, 

it should be possible to create materials with different underlying microstructures.  Such materials 

could exhibit significant differences in their physical properties owing to different types of grain 

boundaries or segregation of impurities despite being chemically identical.  Here we show that 
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molecular crystals of uric acid dihydrate (UAD) grown from two very different solution 

environments – water and urine - exhibit significant physical property differences which are 

directly related to differences in their assembly mechanisms and underlying microstructures.   

Uric acid is a naturally occurring molecule produced by the metabolic breakdown of purine 

nucleotides.  In humans most uric acid dissolves in the blood and travels through the kidney, where 

it is processed and eliminated in urine.  However, when the uric acid concentration exceeds the 

solubilizing capacity of the physiologic fluid, crystallization can occur leading to deposits 

associated with gout and kidney stones.  The solubility of uric acid depends strongly on the solution 

conditions.  As a weak acid (pKa ~ 5.5),140,297 the increased solubility with pH can be ascribed to 

a greater fraction of molecules existing as urate ions.  The uric acid solubility in urine is much 

higher than in deionized water at an equivalent pH, owing to its ability to form colloidal 

suspensions in high ionic strength media.298,299  Konigsberger et al300–302 measured the solubility 

of uric acid in both urine and aqueous solutions with a comparable ionic strength range (IS = 0.15 

- 0.30 Ic/mol dm-3), and found that it was independent of the concentration and type of inorganic 

ions present in solution.   

Under acidic conditions, supersaturated uric acid solutions typically crystallize as either 

uric acid dihydrate (UAD)229 or anhydrous uric acid (UA).147  Both crystalline phases have been 

identified in human renal deposits, either alone or in association with other mineral phases.127,303,304 

UAD is the less stable form, with a solubility about twice that of UA at 37°C.300  In previous work, 

we showed that synthetic UAD crystals transform to the more stable and less soluble UA over time, 

both in air305 and in solution.148  In vitro studies performed in aqueous solution, buffer, and model 

urine solutions indicated that the transformation occurs via a dissolution-recrystallization 
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mechanism in which the rate limiting step was the dissolution of UAD.148  Although we148,306,307 

as well as other authors308–310 have observed the epitaxial growth of UA on UAD surfaces in in 

vitro studies, others311,312 have argued that epitaxy is unlikely to be a factor in vivo owing to the 

absorption of macromolecules on the crystal surfaces.  Here we show that epitaxy may in fact be 

less likely under physiologic conditions, though not for the reasons associated with 

macromolecular absorption.   

In the current study, we compare the microstructure and physical properties of crystals 

grown from water (UAD-W) and urine (UAD-U).  In situ atomic force microscopy dissolution 

studies revealed (001) surfaces of UAD-W and UAD-U have smooth and granular topographies, 

respectively, indicative of assembly via classical and non-classical mechanisms.  The resultant 

microstructural differences in the crystals which result from these growth mechanisms affect some 

key physical properties, such as dissolution rate and the rate at which the material transforms to 

the more stable UA.  Synchrotron X-ray diffraction studies and nanomechanical measurements 

provide additional evidence for differences in microstructure.  These results have practical 

implications for how we understand uric acid crystallization under physiologic conditions, and 

more broadly serve to highlight how microstructure can affect the physical properties of molecular 

materials.   

 

5.2 Experimental  

5.2.1 Materials   

All chemical reagents were used as received and without further purification. These include 

uric acid (>99%, Sigma), sodium acetate (99% EMD), acetic acid (99.7%, EMD), Na2SO4 (99.9%, 
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Sigma), KCl (99.0%, Sigma), NH4Cl (99.8%, EM Science), MgSO4∙7H2O (98-102%, EM Science), 

Na2HPO4 (99.5%, Fisher), Na2HPO4∙H2O (99.1%, Fisher), NaCl (99%, EM Science), 

Na3C6H5O7∙2H2O (Certified, Fisher), and Urea (Certified ACS, Fisher).  Water was purified by 

passage through the PURELAB flex water purification system (ELGA Labwater LLC) or by 

passage through two Barnstead deionizing cartridges followed by distillation.  Artificial urine313 

was prepared by dissolving various salts in water for a final solution composition of: Na2SO4 (14.9 

mM), KCl (92.6 mM), NH4Cl (65.1 mM), MgSO4∙7H2O (6.7 mM), Na2HPO4 (1.8 mM), 

Na2HPO4∙H2O (39.6 mM), NaCl (213.9), Na3C6H5O7∙2H2O (2.7 mM), and urea (291.4 mM).   

 

5.2.2 Crystal Growth   

          UAD-W crystals were grown from pure aqueous solution by dissolving 180-200 mg of uric 

acid (1-1.2 mM) in 1 L boiling distilled water as described in reference.270  The solution pH was 

buffered to 4.0 with sodium acetate and acetic acid and maintained at 25° C, with crystals 

appearing within ~1 days. UAD-U crystals were grown by dissolving approximately 750 mg of 

uric acid (4.5 mM) in 1 L artificial urine, with some heating and stirring.  UAD-U crystals used in 

solution transformation studies were grown under four different conditions based on combinations 

of pH (4.0 or 5.0) and temperature (25° C or 37° C).  Solutions at pH = 5 and 25° C required ~4 

days to precipitate; Solutions at pH = 4 or 5 at 37° C (water bath) or pH = 4 at 25°C yielded crystals 

after ~1 day.  All UAD-W and UAD-U crystals appeared as transparent rectangular (100) plates 

typically ~ 200 µm in the longest dimension (Figure 5.1).  All UAD crystals once removed from 

solution, were vacuum-filtered through Whatman #1 filter paper, air-dried, and used in other 

experiments within a few hours.               
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5.2.3 Optical and Raman Microscopy   

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

Nikon COOLPIX995 digital camera operated with krinnicam_v1-03 software (Nikon Corp).   

Raman microscopy was performed on a Horiba LabRAM HR Evolution Raman spectrometer with 

a 785 nm Ar/Kr laser and an 1800/mm grating.  Experiments were conducted in air under ambient 

conditions using a 100X objective.  Raman spectra from 200 to 1800 cm-1 were collected on single 

crystals of anhydrous uric acid and UAD in order to identify distinguishing absorptions for each 

phase.  The surface of UAD-U was also examined using the Z-mapping function, which enabled 

Raman spectra to be taken at varying positions with respect to the crystal surface (9 µm above the 

surface to 2 µm into the sample) in 200 nm increments.  

 

5.2.4 Dynamic Light Scattering (DLS)   

       Supersaturated uric acid solutions were prepared in urine and deionized water.  Model 

urine solution with no uric acid was used as a control.  All three solutions were allowed to 

equilbrate for 18 hrs, then centrifuged at 3000 rpm for 10 minutes.  DLS of the supernatant 

was measured by Professor Ed Van Keuren (GU Physics) at 24 ± 1 ºC using a helium-neon 

(HeNe) laser or a laser diode (Hitachi HL6548FG) controlled by a ThorLabs LDC2000 laser 

diode power supply.  The laser diode was mounted on a thermoelectrically-cooled mount and 

maintained at a constant temperature.  Scattered light measured at a 90° relative to the incident 

beam was filtered with a narrow bandpass optical filter and collected by a single mode optical 

fiber.  Single mode waveguiding ensures that the measured signal is spatially coherent, which 

optimizes the signal to noise ratio of the autocorrelation function.   
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     The other end of the single mode fiber was coupled to a photon counting avalanche 

photodiode (EG&G).  The photon count rates were processed by an ALV5000 (ALV GmbH, 

Germany) hardware autocorrelator board.  The photon count autocorrelation function was 

directly analyzed from the data using the method described by Frisken.314,315  A nonlinear 

fitting routine was used to fit of the function (5.1)  

                              g(2) (τ) = B + β·exp(-2Γτ)·[1 + τ2µ2/2! – τ3µ3/3! + …]2                        (5.1) 

to the measured data where β is a factor that depends on the experimental geometry (coherence 

area of detector), Γ, µ2 and µ3 are the first, second and third moment of the distribution of decay 

times, and B is a background term.  Since most of the data were close to single exponential 

functions, only the first and second moments were used in the data analysis.  The radius was 

determined from the fitted value for Γ.  The diffusion coefficient, D, was found from the 

relation (5.2),  

                                                        Γ = Dq2                                                                      (5.2) 

where q is the magnitude of the scattering vector, and is equal to (5.3).   

                                                 q = (4πn/λo)sin(θ/2)                                                          (5.3) 

The hydro-dynamic radius was calculated from the Einstein-Stokes equation (5.4) where k is 

Boltzmann’s constant (=1.38×10
-23

 J/K), T is the temperature (K), η is the dynamic viscosity 

(corrected for temperature), and Rh is the hydrodynamic radius of the particle. 

                                                     D = kT/6πηRh                                                               (5.4) 

The values of Γ and µ2 were used to find the polydispersity index (PDI) (5.5), a normalized 

measure of the width of the particle size distribution.   

                                                        PDI = µ2/ Γ
2                                                               (5.5) 
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A PDI of zero implies a monoexponential decay to the autocorrelation function, which signifies 

a single diffusion coefficient.  

 

5.2.5 X-ray Diffraction   

           Powder X-ray diffraction (PXRD) data were collected at room temperature on a Rigaku 

Ultima IV X-ray diffractometer using Cu K radiation with 40 kV tube voltage and 44 mA tube 

current.  PXRD data was analyzed using Jade v9 software. Both manually ground and unground 

samples were examined. 

Single crystal X-ray diffraction data was collected on multiple UAD-W and UAD-U 

crystals using a Bruker SMART or APEX Platform CCD diffractometer using synchrotron 

radiation.  Synchrotron X-ray diffraction data was collected at ChemMatCARS sector 15 at the 

Advanced Photon Source (APS).  The frames were collected using ϕ scans in a Bruker platform 3-

circle goniometer with fixed chi equipped with a CCD area detector, λ = 0.41328 Å, an undulator 

beam, a diamond [111] crystal and two mirrors (to exclude higher harmonics) in the beam path.  

The exposure time was 1 s per frame.  Data collection and unit cell refinement for all single crystals 

were carried out with SMART and data reduction with SAINT.  The structures were solved by 

direct methods with SHELXS316 and the structural model was refined by full-matrix least-squares 

on F2 with SHELXL.317  

 

 

5.2.6 Atomic Force Microscopy (AFM)   
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            In situ AFM experiments on (001) single crystal surfaces of UAD-W and UAD-U were 

performed on a Nanoscope IIIa Multimode instrument (Digital Instruments, Santa Barbara, CA) 

equipped with a fluid cell in contact mode. A piezoelectric stage (J-scanner) with a maximum 

effective scan area of 30 × 30 µm2 (o-ring limited) was used. All cantilevers were Si4N3 with 

manufacturer reported spring constants of ~0.58 N/m. Single crystals were mounted to a 15 mm 

diameter glass coverslips with 5-min epoxy (Loctite) and oriented such that the X-scan direction 

paralleled the crystallographic a-axis. 

For dissolution experiments, the fluid cell containing DI water was linked at the access 

point to a custom-designed fluid reservoir and at the outlet to a 10-mL Hamilton gastight syringe. 

The solution flow was controlled by a syringe pump (KD Scientific model KDS210, New Hope, 

PA) and set to 5 μL/min.  In situ AFM imaging of 10 × 10 µm2 areas at a scan rate of 2Hz showed 

observable dissolution over time.  All AFM topographs are presented as deflection images and 

illustrate typical behavior seen across multiple UAD-W and UAD-U single crystals.  Image 

processing and analysis was performed with the Nanoscope 5.31r1 and Nanoscope Analysis 

software.  

 

5.2.7 Density Functional Theory (DFT)   

           Optimized geometries and energies for uric monomers, and head…head (H…H), head…tail 

(H…T) and tail…tail (T…T) hydrogen bonded dimers were calculated using GAUSSIAN09318  at 

the B3LYP/6-31G(d,p) level.  H…H and T…T conformations were geometry-optimized starting 

from the single-crystal structure.  The T…H dimer was created from the lowest energy 
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conformations of uric acid and then geometry-optimized.  The dimer interaction energies (ΔEint) 

were calculated according to equation (5.6)  

                                            ΔEint = EAB - 2EA                                                                     (5.6) 

where EAB is the optimized energy of the dimer and EA is the optimized energy of a monomer.  

The difference in interaction energies were calculated according to equation (5.7) 

                              ΔΔEint = ΔEint (T…T + H…H) – ΔEint (2× T…H)                                (5.7) 

 

5.2.8 Nanoindentation    

      A Hysitron Triboindenter (TI 900) equipped with a low load QSM transducer (Minneapolis, 

MN) was used for all nanoindentation experiments.  Samples were prepared by removing single 

crystals of UAD from the mother liquor, wicking away residual moisture with a Kimwipe, and 

gently dispersing the crystals onto a glass cover slip coated with a thin layer of superglue. Glass 

cover slips were then mounted on the sample puck with epoxy glue. The time between sample prep 

and indentation experiments was minimized (typically ~30-60 min) so as to prevent premature loss 

of crystalline water from UAD.  Multiple crystals grown under identical conditions were examined.  

As described elsewhere,253 the optimized indenting protocol for UAD used a 90° cono-spherical 

tip (effective radius = 0.906 µm), a load rate of 5 μN/s, and a 150s holding time at the peak load 

of 100 µN.  

The hardness (H) and reduced modulus (Er) were determined from equations (5.8) and (5.9), 

respectively, where A = tip-sample contact area, Pmax = maximum load, β is a factor dependent on 

indenter shape and S is stiffness.   
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                                                    H = Pmax / A      (5.8) 

                                                                                                                            (5.9) 

 

5.3 Crystallization out of Aqueous Solution and Urine   

            Uric acid dihydrate crystals deposit from both supersaturated aqueous solutions (~ 1mM) 

and model urine (~ 4.5 mM).  Even after normalizing the pH, the higher solubility in model urine 

can be attributed to common ion effects which help to solubilize urate. Crystals deposited from 

aqueous solution at pH = 4 and 25°C, which we refer to as UAD-W, typically appear in ~ 1 days.  

Supersaturated urine solutions yield crystals which we refer to as UAD-U.  UAD-U crystals grown 

from urine at pH = 4 (25˚C or 37˚C), or pH = 5 (37˚C) typically appeared in ~ 1 day, whereas urine 

at pH = 5 (25˚C) required ~4 days to appear.  UAD-W and UAD-U crystals appear visually 

indistinguishable, depositing as clear rectangular plates with large (001) faces and smaller (102) 

and (011) side faces.  They are typically 200-300 μm in length (a-axis) and 50 μm thick (c-axis) 

(Figure 5.1).   
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Figure 5.1. Photomicrographs of UAD-W crystals (pH = 4, 25˚C) and UAD-U crystals (pH = 

4, 25˚C).  Scale bars = 200 μm.  

            Aqueous uric acid solutions are optically clear, whereas in urine solutions saturated with 

uric acid appear visibly cloudy. This is consistent with previous reports of colloid formation in the 

presence of inorganic cations.298,299  Solutions with a large excess of uric acid were prepared in 

both model urine and water at pH = 4 and 5 (25°C), allowed to equilibrate for 18 hrs, then 

centrifuged at 3000 rpm for 10 minutes.  The supernatants were then analyzed with dynamic light 

scattering (n=1).  The urine solution at pH = 4 showed significant scattering with a bimodal 

distribution of particle sizes with an average hydrodynamic radii of 60 and 200 nm (Figure 5.2).  

Urine with excess uric acid at pH = 5 had one broad peak at around 600 nm. The supernatant from 

the supersaturated DI water solution (no adjustment) showed a broad hump at around 500 nm. The 

urine control (with no uric acid) exhibited no detectable light scattering signal. DLS experiments 

should be repeated to ensure reproducibility.  
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Figure 5.2. Particle size distribution of uric acid in different media. 

   

         Previous group members sought to quantify the concentration of inorganic ions in UAD-U, 

and if so, how the pH and temperature conditions might affect those concentrations.  Zellelow 

examined the growth of UAD crystals from aqueous solutions at 24 ± 1°C containing a range of 

additives including various Na+, K+, Ca2+, and Mg2+ salts.252  Aqueous uric acid solutions (1.0 mM) 

containing chloride, nitrate or sulfate salts at concentrations up to 0.12M yielded UAD crystals 

visually indistinguishable from those grown from pure deionized water.  This was true regardless 

of whether the salt was a chloride, nitrate or sulfate.  Presores used atomic emission spectroscopy 

on dissolved UAD-U crystals to confirm the inclusion of inorganic cations in the UAD matrix, 

though we have no information indicating whether the cations are included specifically or 

nonspecifically.  Interestingly, the concentrations of Na+, K+ and Mg2+ dopants included within the 
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UAD matrix were comparable to that of the molecular dyes.  For every 104 uric acid molecules, 

there were 14 - 33 Na+, 5 - 10 K+ and 13 – 19 Mg2+.  In these systems, the amount of dopant 

included generally increased with solution concentration.  Attempts to accurately determine the 

amount of Ca2+ included in UAD-U were unsuccessful, which was ascribed to either cation 

exclusion from the matrix or inclusion at concentrations below the detection limit of the instrument 

(< 1 g/ml).   

 

5.4. Phase Transformation  

          It is well established that uric acid dihydrate is metastable compared to the anhydrous form, 

UA.  Previous group members examined the dehydration of UAD-W → UA in air,40 as well the 

solution-mediated transformation of UAD-W → UA in aqueous solution, McIlvaine buffer and 

model urine.148  The latter proceeds via a dissolution-recrystallization mechanism.  Typical of the 

transformation was the epitaxial nucleation and growth of UA crystals on the surfaces of dissolving 

UAD, owing to the perfect geometric and chemical matching of the (001) UAD and (100) UA 

surfaces.306  When transformation studies were performed in model urine solution using UAD-W 

as the starting phase, the UAD-W → UA transformation proceeded at the same rate both with and 

without anhydrous seed crystals, indicating the transformation kinetics were found to be limited 

by the dissolution of the initial phase.   

         It has been a matter of debate whether epitaxial interactions between different crystal 

surfaces are a significant factor in urine, owing to the fact that the crystal surfaces may be coated 

with other components in solution.  Several authors have reported indirect evidence for epitaxy 

even in urine, while others (Grover and Ryall) have argued strongly against it.319   We were initially 
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surprised to find that the conversion rates greatly differ in UAD-W and UAD-U.  The slow phase 

transformation rate has been attributed to the heterogeneous nucleation of the stable phase on the 

surface of metastable phase that inhibits further dissolution of the metastable phase.320 To test if 

there is a crust of anhydrous crystallites formed covering the surface of the hydrate crystals, we 

used Raman spectroscopy to investigate the phase at the surface of the crystals in the process of 

phase transformation. The results showed that it is the hydrate form at different depths near the 

surface of the crystal undergoing transformation and there is no new phase at the top of  (001) face.  

As shown in Figure 5.3, samples have peaks that are consistent with pure UAD.  A signature peak 

at ~1432 cm-1 is clearly visible and distinct from UA (highlighted on the Raman spectrum).  In UA 

(from ~1400 cm-1 to 1650 cm-1), four major peaks are at 1405 cm-1, 1500 cm-1, 1592 cm-1, 1650 

cm-1.  The bands at 1500 cm-1  and 1592 cm-1   are due to CC and CN stretching vibration, and the 

one at 1650 cm-1  can be assigned to C=O stretching.321 Correspondingly, in UAD these four peaks 

are at 1432 cm-1, 1502 cm-1, 1592 cm-1, 1638 cm-1.  
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Figure 5.3. Raman microscopy (Z-mapping) of partially transformed UAD-U with reference 

to UA and UAD. 

 

5.5 Microstructures Revealed by in situ AFM  

      Figure 5.4 is a comparison of a typical (001) surface of UAD-W and UAD-U freshly pulled 

from solution and imaged in air.  Both surfaces show steps which do not appear to be oriented in 

any particular crystallographic direction.  The average roughness (from 8 measurements) is 5.36 ± 

3.26 nm for UAD-W and 12.02 ± 9.32 nm for UAD-U.  The theoretical value for a monolayer step 

height on UAD (001) is 0.873 nm which corresponds to the distance between (002) planes and is 

equivalent to half a unit cell along the c-axis. The smallest measured step heights obtained from 

AFM images of UAD-W (001) is 0.861nm (±0.13 nm) both in air and in solution - this corresponds 

to the monolayer step.  Additional multilayer steps such as a bilayer step are also present.  In 
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general, the majority of steps are multilayer steps.  In comparison, there seems to be greater 

irregularity in those steps on UAD-U which don’t readily adopt step heights that match well with 

the value for molecular layers.   

 

      

Figure 5.4. Representative AFM topographical images scanned in air of (001) UAD single 

crystal surfaces grown from (left) DI water and (right) artificial urine solution. Image size is 

10×10 μm2. 

 

      In situ imaging depicts clear step-like surface structures during the dissolution of UAD-W and 

UAD-U.  A schematic of monolayer steps on the (001) crystal surface is shown in Figure 5.5.  In 

general, the molecular steps do not appear to be uniformly and highly oriented, though in a 

localized area they tend to align in parallel.  Step bunching creates larger macro-steps, which do 

appear to adopt a preferred orientation which conforms with the molecular packing (Figure 5.6).  

This stands in sharp contrast to what was observed in uric acid anhydrous crystals (UA) which 

exhibits highly oriented steps.322  
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Figure 5.5. Step model of UAD crystal surface structure, viewed along the a-axis. 

 

 

Figure 5.6. Molecular packing of UAD viewed along c-axis and (middle) typical in situ AFM 

image obtained during etching of pure UAD (001) surface. Image size = 10×10 µm2. (right) 

UA (anhydrous uric acid) (100) surface imaged in water.  Image size = 2×2 µm2.  
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            In our experiments, UAD-W generally has a smaller Z range (height difference) than UAD-

U throughout the probed area resulting in a higher resolution image with finer details possible.  In 

most of the UAD-W dissolution experiments, it showed vivid evolutions of those terraces 

comprised of single or multi- layer of molecules while fewer presented similar details in UAD-U 

experiments.  Kinetic data obtained from in situ dissolution experiments can lead us to a better 

understanding of the dynamics of dissolution and the differences in the underlying microstructures. 

Dissolution experiments were performed on 5 UAD-W samples. A representative series is shown 

in Figure 5.7. 

            The data revealed the terraced topography of the crystal as well as other features such as 

islands and etch pits.  The dissolution process mainly proceeds by a step receding mechanism. This 

type of behavior matches the reported mechanism of quartz etching at low undersaturation.323 The 

steps usually correspond to one or multiple layers of molecules.  The change of these features 

during dissolution was recorded in the consecutive images.  In general, those steps retreat and 

merge into higher steps accompanied by vacancies formation and expansion which creates new 

steps (marked in Figure 5.7). 
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Figure 5.7. Sequential in situ AFM images of UAD-W (001) dissolution in DI water. (a) T = 

0s; (b) T = 128 s; (c) T = 256 s; (d) T = 384 s; (e) T = 512 s; (f) T = 640 s. Image area is (10µm)2. 
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The sample is oriented with the crystallographic a-axis parallel to the X-scan direction. This set of 

data is from experiment #3 of all represented dissolution experiments.  

           Several deep etch pits (labeled 1 - 8) spontaneously appear throughout the experiment. The 

pits are generally bounded by [010] and [100] steps. The latter do not appear vertical due to the 

fact that the step fronts are moving while the image is being collected.  The tilt of the etch pits in 

the “down” scans (a,c,e) are different than those in the “up” scans (b,d,f).  The step height at the 

center of pit 7 is 2.020 nm which roughly corresponds to a bilayer. Given the complexity of the 

surface, it is difficult to identify the same step in subsequent images to get step dissolution rates 

within a plane. It is, however, possible to estimate the dissolution normal to the surface by 

monitoring the Z-position over time.  The slope of the line of Z-positions gives an estimation of 

the dissolution rate normal to the surface.  The kinetic profiles revealed that the dissolution of 

UAD-W and UAD-U both are zero order reaction, i.e. at a constant rate.  Despite local changes 

that can abruptly occur in the images, the dissolution rates across these five crystals are remarkably 

consistent. It is considered that the dissolution process is controlled by the density of steps on the 

surface, which can be preexisting steps on the origin crystal or be created by nucleation of vacancy 

islands. These details are successively depicted on obtained AFM images. The same dissolution 

experiments were performed on UAD-U (001) faces with 6 samples. The surface topography and 

dissolution phenomena observed were quite different. The dissolution rate is plotted in Fig 5.10 

together with UAD results. 

           In the sequential images of UAD-U upon dissolution (Figure 5.8), other than receding of 

steps, the data shows that there are particulates appearing without crystallinity. Section analysis of 

one of the particulate features (circled in Fig 5.8d) reveals that it has a semicircle profile with a 

200 nm span. This dimension coincides with the particle size detected by DLS in the same media.  
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This indicates that small particles formed and played a role that is more than seeding in UAD-U 

assembly.  These nanosphere particles usually mark the terrain cut-off points and can lead to 

terrace height increase, making the surface look more corrugated.  Higher step density and larger 

step height may contribute to the faster dissolution of UAD-U than UAD in [001].  The results 

indicate that there might be some intrinsic differences between those two types of crystals. The 

granulated surfaces in UAD-U correspond to the nano-particulate morphology of biogenic crystals 

depicted by SEM images in a recent published paper.83 In other systems, mainly calcium based 

materials, such nanogranular texture which is different than that of crystals grown via conventional 

pathways (i.e. molecule-by-molecule deposition from solution) signifies the crystal formed from 

the nonclassical assembly mechanism.324 A variety of biominerals were previously examined, 

including urchin spine, mollusk nace, etc., and a nanograin/nanogranular texture was 

observed.325,326 Reported by Oaki et al., the sizes of the aragonite- and calcite-type nanocrystals 

were within a range of approximately 20-180 nm and 10-80 nm, respectively.327  There are some 

questions prompted by these nanoparticulate textures, for example, whether they arise from 

heterogeneous nucleation of a colloidal ACC phase or if the nanoparticles are solution borne and 

then adsorb to the surface (especially for the systems in which polymer is added, more caution is 

needed because it can be remnants of the polymer-encapsulated nanoparticles ).78  More evidence 

has shown us that crystal formation could involve amorphous precursors at an early stage.286 It is 

in Gower’s review paper that ‘one of the first biomineral functions to evolve in organisms was the 

ability to regulate ion homeostasis, this likely initiated the utilization of an amorphous phase 

because it can be more readily mobilized by dissolution for transport’.78 Our studies correlate with 

this past study, though from a different view.   
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Figure 5.8. Sequential in situ AFM images of UAD-U (001) dissolution in DI water 

(experiment #8). (a) T = 0s; (b) T = 128 s; (c) T = 256 s; (d) T = 384 s; (e) T = 512 s; (f) T = 640 

s; (g) T = 768 s; (h) T = 896 s. Image area is (10µm)2.  
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          The non-classical pathway of crystal growth of our system is sketched in Figure 5.9.  The 

addition of numerous components in artificial urine solution increases the collision of uric acid 

molecule and other substances including additives and water molecules, whereas in aqueous 

solution it is limited to just water molecules.  Thus, even though the net motion is zero, the local 

motion (velocity) in a short time is affected (increased).  Brownian motion might play a decisive 

role in the different modes of assembly.  Molecular interactions can be an entry point to sort out 

the effect of the species, for example Mg2+, with higher charge density could affect the growth of 

calcium based crystals because of its higher electrostatic force. Whether or not a species and the 

identity of that species that plays a role is not clear.  From another perspective, it is observed that 

additives can decrease the supersaturation of the solute.328  High supersaturation leads to high 

crystallinity; low supersaturation leads to low crystallinity.  The fluctuation in the urine solution 

which could be observed by visual inspection leads to inhomogeneous distribution of solute in 

solution and thus very different local supersaturation.  At critical saturation, flash precipitate of 

solute has been observed, which then can be dissolved again as it being carried away by flux.  
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Figure 5.9. Schematic of proposed growth mechanisms (non-classical may happen 

simultaneously with classical pathway for the granular texture observed in UAD-U). 

 

      A summary of dissolution rates is shown in Figure 5.10.  UAD-U dissolution with an average 

rate of 0.57 ± 0.16 nm/s (n=5) is faster than UAD-W which averages 0.30 ± 0.05 nm/s (n=5) 

normal to (001) face.  This result is counter to what we have observed and presumed in bulk 

experiments, where UAD-W transforms faster than UAD-U. We presume that the percentage of 

included inorganic impurities released from dissolving UAD-U is not high enough to affect 

dissolution rate under this flow rate.  Bulk experiments give an average dissolution rate of all faces. 

Although UAD-U has a faster dissolution at (001), it must be that dissolution from side faces are 

not affected in the same way. This could also suggest the solution mediated phase transformation 

is governed by the second step – nucleation and growth of UA. The difficulties of this 

transformation for UAD-U can arise from the increased roughness as it being dissolved in solution. 

Navrotsky rationalized the Ostwald step rule in terms of thermodynamic and kinetic principles. In 
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her work, it is shown that in addition to the kinetic stabilization of a metastable phase, other factors 

such as particle size and the presence of impurities can also invert the order of thermodynamic 

stability.329  In other words, the phase that crystallizes may be controlled by thermodynamic as 

well as kinetic factors, which is mainly the case at the nanoscale level where some precipitations 

and crystallizations occur by accumulation of clusters and nanoparticles.78  This might be related 

to our finding here that UAD-U is averse to the phase transformation compared to UAD-W.  Even 

though UA is the thermodynamically stable form, conversion to UA is kinetically unfavored for 

UAD-U. 

 

 

Figure 5.10. Dissolution rate in [001] of UAD-W (blue) and UAD-U (red). 

 

5.6 Crystal Structure by Synchrotron Single X-ray Diffraction 

               UAD-W and UAD-U have “identical” crystal structures.  For all the datasets, the P&H 

(Parkin&Hope, 1995) model229 refines very well to the data.  It is twinned by pseudo-merohedry 
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as usual, and it is disordered in the usual way.  Listed in Table 5.1, ‘sof’ is the fraction of the 

disorder, and UAD-U samples have lower values than UAD-W.  This suggests there is more 

disorder in UAD-U.  It is also true that the R factor is higher in UAD-U, which indicates that it is 

in general less of an ordered material than UAD-W.   

 

Table 5.1. Summary of Crystallographic Data of UAD-W and UAD-U 

 UAD-W UAD-U#1 UAD-U#2 UAD-U#3 

Space group P21/c P21/c P21/c P21/c 

a (Å) 7.2173 7.2191 7.2270 7.2207 

b (Å) 6.3784 6.3815 6.3784 6.3800 

c (Å) 17.4632 17.4670 17.4792 17.4701 

α (deg) 90.000 90.000 90.000 90.000 

β (deg) 90.061 90.008 90.124 90.014 

γ (deg) 90.000 90.000 90.000 90.000 

volume (Å3) 803.91 804.68 805.73 804.81 

Z 4 4 4 4 

R1 0.0450 0.0473 0.0468 0.0591 

sof 0.67957 0.67869 0.61497 0.67629 

BASF 0.52081 0.48949 0.33701 0.44385 

 

 



143 

 

 

5.7 Dimer Interactions Related to Disorder 

            In the UAD lattice, each uric acid molecule interacts with two uric acid molecules, one 

forming a head-to-head dimer, the other with tail-to-tail conformation. A disordered molecule at 

twofold rotated position renders T…H binding conformation other than T…T, H…H for regular 

orientation (Figure 5.11).  The difference in two dimers in regular conformations and two disorder 

dimers is -0.018 kcal/mol.  This result indicates there is an insignificant interaction energy barrier 

for a uric acid molecule to occupy either orientation (T…T + H…H ≈ T…H + T…H).  

H…H and T…T 

2 T…H 

Figure 5.11. Uric acid dimers in H…H, T…T and H…T conformation. 

 

5.8 Mechanical Properties 

           The mechanical properties of UAD-W and UAD-U are of interest in a broader context of 

comparing their physical properties. An incrementally changed load was applied to probe for an 

optimized method (Figure 5.12). The curves of UAD-W and UAD-U are similar. One can see from 

the plot that the penetration depth increases as the load increases and the load-displacement curves 

are consistent from 100 – 1000 µN.  At 1000 µN the contact depth is about 600 nm, which might 
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be too deep to keep a tip-material contact consistent with the calibrated tip area function. It also 

shows that creep is present at all loads.  

           As listed in Table 5.2, the modulus is 3.49 ± 0.54 GPa for UAD-W and 3.25 ± 1.31 GPa for 

UAD-U.  When comparing the means of the modulus values for UAD-W and UAD-U, it was again 

necessary to use equation 3.6. Statistics suggests there is no difference in the mean value but there 

is significant difference in the variance. The deviation of the data is significant, suggesting higher 

variability in UAD-U (Figure 5.13).  This is consistent with the in situ AFM experiments which 

revealed that UAD-U has more variable microstructures on the local scale. The decrease of 

elasticity is likely due to the destruction of some intermolecular interactions. Directional hydrogen 

bonding is perturbed so the mechanical response is affected. Mechanical properties studies in 

return reflect the more inhomogeneous nature of crystals grown from biological urine solution. 

 

 

Figure 5.12. Representative load-displacement curves obtained on (up) a UAD-W (001) and 

(down) a fresh UAD-U (001) surface, with an increasing load from 100 – 1000 μN. 
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Figure 5.13. A diagram of modulus vs penetration depth showing the data distribution of 

UAD (blue) and UAD-U (red). Measurements reflect multiple (12) indents on each sample with 

the same load function at 100 μN.  

 

Table 5.2. Young’s Modulus and Hardness of UAD-W and UAD-U 

Mechanical Properties UAD-W UAD-U 

Modulus (GPa) 3.49 ± 0.54 (n=12) 3.25 ± 1.31 (n=13) 

Hardness (GPa) 0.067 ± 0.011 0.067 ± 0.012 

      

5.9 Conclusions 

 

We compared the properties of uric acid dihydrate crystals grown from pure aqueous 

solution (UAD-W) and from artificial urine (UAD-U), and revealed their structural differences 

that indicate different pathways of crystal growth. UAD-W and UAD-U have an “identical” 

structure by single X-ray crystallography, but exhibit clear differences in their physical properties 

including: (1) Dissolution rate on the largest (001) surface. The dissolution on UAD (001) is 

governed by two different mechanisms: step receding and vacancy formation, which may operate 
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simultaneously on the surface.  UAD-U (0.57 nm/s) has a faster dissolution rate than UAD-W 

(0.30 nm/s) at [001].  (2) Rate of solution-mediated transformation to anhydrous uric acid.  By 

comparison, the UAD-U → UA transformation rate is significantly slower.  Here we showed that 

the governing step of the transformation in solution is likely the nucleation and growth of the new 

phase (UA) which is likely hindered by the increased roughness on UAD-U, which reduces the 

possibility for epitaxial nucleation of anhydrous uric acid on UAD surfaces, thereby changing the 

rate limiting step.  (3) Variability in Young’s modulus.  UAD-U (3.25 ± 1.31 GPa) and UAD-W 

(3.49 ± 0.54 GPa) are statistically the same in the mean value, however the variance in UAD-U 

data is significantly higher.  This is consistent with the AFM etching experiments which revealed 

UAD-U has more variable microstructure on the local scale.  In situ AFM dissolution studies on 

UAD-W (001) and UAD-U (001) single crystal surfaces revealed distinct texture differences. 

Partially etched UAD-U surfaces show large granular regions, whereas the UAD-W surfaces are 

faceted and smooth.  DLS confirmed the presence of ~200 nm particle similar in size to those 

observed by AFM.  These results suggest classic layer-by-layer assembly in UAD-W and non-

classical assembly by colloidal precursors in UAD-U.  
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