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ABSTRACT 
 

 Uric acid, a product of protein metabolism, is the most abundant organic component in human 

kidney stones. At least six different crystalline phases of uric acid have been identified in kidney 

stones. Anhydrous uric acid (UA) and uric acid dihydrate (UAD) are the most common. We 

characterize these crystals to understand crystal nucleation, growth, aggregation and adhesion 

phenomena related to stone formation.  

Chemical force microscopy was used to investigate the adhesion on the largest plate face of 

UA single crystals. The adhesion forces between UA (100) and atomic force microscopy tips 

modified with hydrophobic, hydrophilic, and charged groups were quantified in model aqueous 

solutions and model urine solutions. The highest adhesion was found between UA (100) and 

cationic tips in both solutions. This highlights a major difference between molecular crystal 

surfaces (in this case a weak acid) and most other inorganic biominerals. Solution parameters 

such as ionic strength and pH were influential in the magnitude of adhesion force obtained.  

 Solution-mediated phase transformation of UAD to UA may be important in the physiologic 

deposition of kidney stones, since compositional analysis of numerous kidney stones reveals that 

UAD is rarely found in the absence of UA. Using a combination of X-ray, thermal and optical 

techniques,  the kinetics of the transformation of pure UAD and doped UAD crystals were 

studied in model aqueous solutions and model urine solutions. UAD transformed to UA via a 2-
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step process; metastable UAD undergoes dissolution followed by nucleation and growth of the 

stable UA. Pure UAD transformed to UA within 48 hours at 37oC, but UAD doped with 

molecular dyes and physiologically relevant ions transformed more slowly. The presence of trace 

amounts of impurities appear to stabilize the UAD more than it affects the growth of UA. This in 

vitro study provides insight into how UAD may be stablilized in physiologic solution and 

demonstrates that the UAD to UA transformation kinetics occur on a time scale that may be 

relevant to kidney stone formation.  
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CHAPTER 1 BACKGROUND OF STUDY 

 
 
 

Uric acid was discovered in 1776 by Karl Wilhelm Scheele in urinary calculi.1 The isolated 

substance was first called lithic acid and was renamed to uric acid by George Pearson in 1795.2  

A century later, the first total synthesis of uric acid was reported by the 1902 Nobel laureate Emil 

Fisher.3 Uric acid, 7,9-dihydro-1H-purine-2,6,8(3H)-trione, has a molecular formula of 

C
5
H

4
N

4
O

3 
and a molecular structure as shown in Figure 1.1.  
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Figure 1.1. Molecular structure of uric acid, C5H4N4O3, numbered according to  Fischer.3  
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Uric acid is the final product of purine metabolism in humans, formed from the conversion of 

xanthine to uric acid by xanthine oxidase.4 Two-thirds of uric acid elimination is handled by the 

kidneys, with approximately 300-400 mg/day excreted under normal circumstances.5  

Overproduction of uric acid can be a consequence of high consumption of purine-rich6-8 foods 

such as fish, meat, and poultry, or chemotherapy9 and can lead to crystallization of uric acid in 

the joints or in the kidneys.  

1.1 Pathological Crystallization 

Crystal formation within living organisms is a process known as biomineralization. 

Biomineralized material is typically composed of at least two parts: the precipitating crystalline 

phase(s) and a supporting structure, called matrix, containing small amounts of proteins and 

polysaccharides.10, 11 Biological organisms form hard minerals by design (i.e. cartilage, teeth, 

shells, and bones) for support, defense, and feeding.10 Pathological crystallization, on the other 

hand, happens when unwanted crystallization occurs in living organisms.  

Pathological crystallization results in painful or even life threatening conditions such as 

gallstones, kidney stones, gout, osteoarthritis, atherosclerosis and tissue calcification associated 

with cancer.12 It is often difficult to understand the mechanism of their formation due to the 

complex nature of the biological solution from which they deposit. Factors that lead to 

crystallization of a phase in a complex biological system include supersaturation, complexation 

of ions, solution pH, crystal growth inhibitors, and the structure and properties of the supporting 

matrix.10 For instance, a high supersaturation of uric acid in the serum and in urine can contribute 

to the formation of gout and kidney stones, respectively.  
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1.1.1 Gout 

Gout is an inflammatory arthritis caused by the crystallization of monosodium urate 

monohydrate (MSU) in joints, most commonly the big toes, ankles, knees, wrists, fingers, and 

elbows.13, 14 Urate, the ionized form of uric acid, has a limited solubility under physiological 

conditions, and its saturation level in the plasma at pH 7.4 is 6.8 mg/dl (408 µmol/l).15, 16 The 

risk of developing gout is often related to hyperuricemia. Hyperuricemia is usually defined as a 

serum urate level of >7 mg/dL, the approximate level at which urate is supersaturated in the 

plasma.17 Dietary risk factors that contribute to hyperuricemia include high alcohol intake and 

consumption of purine-rich foods, such as red meat or seafood.18, 19 Other known risk factors for 

gout are obesity, fructose consumption,20 hypertension, and use of diuretic drugs.21  

A recent study on the prevalence of gout and hyperuricemia in adults in the US showed that 

the prevalence of gout 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.22 

The prevalence of hyperuricemia increases with age, with 31.4 % among individuals ages 65 and 

older.  

Acute gout attacks may be sudden and are manifested by a red, tender, swollen joint that is 

very painful. Gout if untreated may progress to a chronic disease characterized by joint 

destruction, bone erosion, secondary osteoarthritis, disability, and deforming deposits of urate 

crystals (tophi).23, 24 The long-term treatment of gout is to lower the serum urate levels which are 

achieved by the use of non-steroidal anti-inflammatory drugs, colchicines, febuxostat,23, 25 and 

allopurinol.25-28  



4 
 

1.1.2 Kidney Stones 

The function of the human kidney is to excrete metabolic waste products, maintain normal 

composition and volume of body fluids, and to concentrate the urine to preserve water and 

essential nutrients. Approximately 180 L of blood is filtered daily, only 1 to 1.5 L of which is 

excreted as urine.29 Urine is a complex mixture composed of water, a variety of ionic salts, 

macromolecules, and waste products such as urea, uric acid and ammonium ions that are filtered 

out of the blood system. When high levels of slightly soluble waste salts are present in urine, 

these salts can precipitate to form kidney stones. Most precipitates will move through the urinary 

tract and pass by themselves. Small stones ( 5 mm) have a greater chance of passing, but larger 

stones (10 mm) usually must be removed through certain procedures as  lithotripsy and 

percutaneous nephrolithotomy.29, 30  

Kidney stones are aggregates of micron-sized crystals that are commonly held together by an 

organic matrix. The matrix in human renal stones accounts for 1-3 % of the total stone weight 

and consists mainly of a mixture of proteins, carbohydrates, glycosaminoglycans, lipids, and 

organic ash.31 Over 200 different crystalline species have been identified in stones.32 The most 

common inorganic crystalline components are calcium oxalate monohydrate (CaC2O4·H2O), 

calcium oxalate dihydrate (CaC2O4·2H2O), apatite Ca5(PO4)3(OH), brushite (CaHPO4·2H2O), 

and struvite (MgNH4PO4·6H2O). Organic components include L-cystine (-SCH2CHNH2COOH)2 

and uric acid. Anhydrous uric acid (C5H4N4O3) is the most abundant organic crystalline phase, 

having been identified as the major component in ~13 % of stones.33 Several other phases of uric 

acid including the dihydrate (C5H4N4O3·2H2O),34 monohydrate (C5H4N4O3·H2O),35 and various 

urate salts (i.e. NaC
5
H

3
N

4
O

3
·H

2
O, NH

4
C

5
H

3
N

4
O

3
)33, 36-39 have also been identified in human 
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kidney stones, though typically as minor components. The frequency of occurrence of major 

kidney stone components is listed in Table 1.1. The composition of kidney stones varies between 

countries which are attributed to climatic, dietary, and ethnic differences.  

Table 1.1.   % Frequency occurrence of major kidney stones components from different   
                    countries.33, 38, 40 
 

Component Berlin,  
198240 

US,  
198933 

Morocco, 
200638 

Calcium oxalate monohydrate  24.9 55.4 78.9  
Apatite 1.1 26.9 33.9  
Calcium oxalate dihydrate  0.6 34.6 24  
Anhydrous uric acid  2.4 12.6 19.2  
Uric acid dihydrate  - 3.9 - 
Ammonium hydrogen urate -  - 7  
Struvite 0.3 12.6 4.8  
Cystine 0.2 0.5 1  
Brushite 0.4 1.7 < 1  
 

The worldwide incidence and prevalence of kidney stones across race, gender and age is 

increasing. Urolithiasis studies in the past 20 years were reported in a number of countries such 

as Italy,41 Turkey,42 Japan,43 Iceland,44 Spain,45 Germany,46 Greece,47 and in the US.48 Two 

studies in the Unites States, one in 1976 to 1980 and the other in 1988 to 1994 showed that 

overall prevalence of kidney stones increased from 3.2 % (0.21) to 5.2 % (0.34).48 A higher 

overall rate of kidney stone disease was observed for men (4.90.42 % to 6.30.56%) than for 

women (2.80.17 % to 4.10.27%) between 1976 to 1980 and 1988 to 1994. Recent estimates 

suggest that 8-12% of men (4-6 % of women) in the US48 and UK49 will develop kidney stones at 

some time in their lives.  
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Three underlying factors are responsible for uric acid nephrolithiasis: low urine pH, 

hyperuricosuria, and low urine volume.50, 51  Urinary pH is a principal determinant of uric acid 

solubility in urine.4, 52 Uric acid precipitation  and stone formation has been correlated with very 

acidic urine.4, 53 The urine pH of uric acid stone formers demonstrates variability, but their urine 

remains acidic throughout the day and is generally lower than non-stone formers.54 A low urine 

pH is often encountered in patients with type 2 diabetes which predisposes them to uric acid 

stone formation.55 High consumption of purine-rich foods, impaired renal function and advanced 

age are additional factors associated with low urine pH.8, 56, 57  

Hyperuricosuria (elevated urine uric acid) is defined as urinary uric acid excretion of more 

than 700 mg in 24 hours.58 It is associated with diet, malignancy and chemotherapy, and 

uricosuric drugs and is a contributor to uric acid stone formation.4, 50, 59 Dehydration and low 

urine volume are also risk factors to uric acid stone formation since they increases uric acid 

supersaturation. A higher risk of uric acid stones has been reported in workers chronically 

exposed to high temperature surroundings.60 General measures to prevent uric acid stone 

formation is to maintain a daily urine output of greater than 2 L and to reduce intake of purine-

rich food.51, 61, 62  In addition, alkalinization of urine with potassium citrate is effective in 

preventing the recurrence of kidney stones.51, 61 The goal is to increase the pH, but no higher than 

~6.5 as this increases the risk of calcium phosphate stone formation.5  

Urinary calculi formation is a complex process. Apart from nucleation and crystal growth, the 

concept of aggregation in which crystal nuclei bind to each other to form larger particles is 

important in the stone formation process. Various components of kidney stones can act as 

effective substrates for the heterogeneous nucleation of other components. Guan et al. 
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demonstrated that brushite crystals serve as a substrate for calcium oxalate monohydrate by 

heterogeneously nucleating or aggregating calcium oxalate on or near the surface of brushite.63  

In another study, Grases et al. reported that uric acid was a heterogeneous nucleant of calcium 

oxalate.64  Crystal nucleation, growth, and aggregation will not always result in stone formation 

if the nucleated crystals are passed along with the urine flow.65 Therefore, crystal retention is a 

key factor in urinary stone formation.  The kidneys of stone formers must have crystal binding 

sites that allow crystals to settle, grow, and aggregate into a stone.29 Crystal retention can be 

caused by adhesion of crystals with the epithelial cells in the renal tubules. Koka et al. studied 

the adhesion of uric acid crystals to the surface of renal epithelial cells.66  The authors concluded 

that hydrogen bonding and hydrophobic interactions play a major role in the uric acid crystal-cell 

interactions under conditions where uric acid is electrically neutral.  

1.2 Uric Acid Solution and Crystal Properties 

1.2.1 Dissociation 

Uric acid is a weak diprotic acid capable of losing two protons at the N3 and N9 positions in 

its ring system.67 Spectrophotometric titrations of N-methyl derivatives of uric acid indicated that 

the proton at N3 is more acidic than the proton at N9 (Figure 1.2). Crystal structures of uric acid 

salts of sodium,68 magnesium,69 lead,70 and calcium (described in Chapter 6) further prove that 

the dissociation to the singly ionized form of uric acid is a result of deprotonation at N3.   The 

second dissociable proton at N9 occurs at pH values not physiologically relevant.  
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Figure 1.2. Dissociation of uric acid to a singly ionized form. Loss of a proton occurs at the 
N3 position.  

In aqueous solutions at physiologically relevant pH, the dissociation of uric acid is given by 

Equations 1.1 and 1.2 where uric acid is denoted as [H2U], urate as [HU-], and Ka is the 

dissociation constant.  

(1.1)   

 

(1.2) 

The first pKa of uric acid is 5.5.67 Above this value, urate is the predominant species in the 

solution (Figure 1.3). The changing relative abundance of different species (i.e. protonated uric 

acid or urate) with pH is an important factor in the kidneys. The kidneys concentrate the urine to 

preserve water and essential nutrients, and the pH of the fluid that passes through the renal 

systems gradually decreases. The pH of typical urine ranges from 4.78-7.4171 with the protonated 

uric acid being the predominant form at the lower pH end. High uric acid concentration, low 

urine volume, and acidic urinary environments promote uric acid precipitation and potential 

stone formation.  

H2U HU- + H+
(aq) (aq) (aq) 

Ka =
[HU-

(aq)] [H+
(aq)]

[H2U(aq)]  
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Figure 1.3. Fractional composition diagram of uric acid-urate-diurate system as a function of 
solution pH. 

1.2.2 Solubility 

The solubility of uric acid has been the subject of extensive study in order to elucidate the 

process of uric acid stone formation as well as to understand oral therapy to dissolve the crystals. 

Uric acid is only slightly soluble in aqueous solutions. Its solubility equilibrium and solubility 

product constant are given by Equation 1.3 and Equation 1.4 respectively.  

(1.3)   

(1.4) 

The solubility product constant (pK
s
) for uric acid has been determined at several 

temperatures.72  A plot of the evaluated pKs values against temperature generates straight lines 

H2U(s)   H2U(aq) 

Ks = [H2U(aq)] 
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for both anhydrous uric acid (UA) and uric acid dihydrate (UAD) with intercepts of 4.28 for UA 

and 4.24 for UAD. As Ks is directly proportional to the concentration of uric acid, the solubility 

of UA and UAD at a specific temperature (o C) can be calculated using Equation 1.5 and 

Equation 1.6 for UA and UAD, respectively.72, 73  

(1.5)   

(1.6) 

The solubility of UA and UAD at different temperatures are shown in Figure 1.4. At all 

temperatures, UAD is more soluble than UA. At 37° C, for example, the solubility of UAD (0.63 

mM) is about twice that of UA (0.31 mM).  
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Figure 1.4. Solubility of UA and UAD as a function of temperature.72  

[UA(aq)] = 10(0.021 T - 4.28)
 

[UAD(aq)] = 10(0.028 T - 4.24)
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The aqueous solubilities of UA and UAD are independent of pH at pH ≤ 3. At an ionic strength 

range of 0.15 - 0.30 M, the solubility of uric acid is constant regardless of the nature and 

concentration of the inorganic components of urine, and/or the presence of organic substances 

like creatine and urea.74 The same solubility was also cited in standard reference artificial urine.74 

At higher solution pH, uric acid dissociates to an ionized urate form. To account for the 

contribution of the urate formed in solution, the total concentration is calculated using the 

following modified equation:  

 
 
(1.7)     

 

where [U]tot is the sum of the concentration of uric acid and urate in solution. The contribution of 

diurate is negligible. The plot of concentration of UA or UAD, urate, and their combined total as 

a function of pH at 37o C is shown in Figure 1.5.  

[U]tot = Ks 1 +
K’1

H+
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Figure 1.5. (Top) The concentration of UA, urate, and their combined total as a function of 
pH at 37o C. (Bottom) The concentration of UAD, urate, and their combined total 
as a function of pH at 37o C. Data based on Königsberger and Königsberger.72  
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1.2.3 Growth of UA and UAD Crystals 

In this thesis, UA and UAD crystals were grown under a variety of conditions. Our standard 

practice involved dissolving 180-200 mg of uric acid (1-1.2 mM) in 1 L boiling distilled water. 

The pH of the solution was buffered to 4.0 with sodium acetate and acetic acid and kept at either 

25° C or 37° C for 2 days. UAD crystals formed at 25° C while UA formed at 37° C. Crystals 

were vacuum-filtered through Whatman #1 filter paper and air-dried. UA and UAD crystals were 

colorless rectangular plates between 100 and 300 µm in size in the largest dimension. Water used 

was purified by passage through two Barnstead deionizing cartridges followed by distillation. All 

chemical reagents were used as received and without further purification. Modified growth 

conditions are described in Chapter 3 and Chapter 5.   

1.2.4 Crystal Structure 

UA crystallizes in a monoclinic crystal system with a P21/a space group and four molecules 

per unit cell. The unit cell dimensions are a = 14.464(3), b = 7.403(2), c = 6.208(1) Å, and  = 

65.10(5)°.75 The layers in the UA motif are spaced 6.56 Å apart (Figure 1.6). Each layer consists 

of parallel ribbons of uric acid molecules hydrogen-bonded head-to-head (O2···H-N1: 1.826 Å, 

175.0°) and tail-to-tail (O8···H-N7: 1.734 Å, 155.8°), with the ribbon plane perpendicular to the 

(100) surface and no hydrogen bonding between ribbons within a layer.  
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Figure 1.6. (Top) Crystal packing diagram of anhydrous uric acid (UA) viewed along c, and 
(Bottom) viewed along a, constructed from fractional coordinates in refcode: 
URICAC.75  
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Several structural determinations of UAD have been reported in the past. The first complete 

crystal structure of UAD obtained from human urinary sediments was orthorhombic Pnab (a = 

7.409 (1), b = 17.549 (3), c = 6.332 (1) Å) as reported by Artioli et al. in 1997.76 However, this 

structure had reflections that should have been systematically absent based on an orthorhombic 

cell. This means crystallographically, it is not entirely correct. A crystal structure of a synthetic 

UAD crystal was later described by Parkin and Hope as having a disordered monoclinic unit cell, 

with a P21/c space group and cell parameters a = 7.237 (3) Å, b = 6.363 (4) Å, c = 17.449 (11) 

Å, and =90.51 (1)°.77  Despite the different cell conventions, the orthorhombic and monoclinic 

UAD structures are nearly identical when examined side by side.  

The obvious difference in the structure between UA and UAD is that in UAD, ribbons form 

planes separated by water. The addition of water molecules increases the spacing between layers 

to 8.73 Å. Water molecules are hydrogen-bonded to uric acid molecules at both N2 and N4, and 

to all three oxygen atoms of the uric acid molecules. O1 and O3 form a single hydrogen bond (to 

either water depending on the disorder component), whereas O2 coordinates to both. We refer to 

Parkin and Hope’s cell parameters in all subsequent discussion (Figure 1.7).  
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Figure 1.7. (Top) Packing diagram of UAD viewed along b, and (Bottom) viewed along c, 
constructed from fractional coordinates in refcode: ZZZPPI02.77    
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1.2.5 Crystal Morphology 

Synthetic crystals of UA grown from buffered or unbuffered distilled water deposit as clear, 

colorless rectangular plates with large (100) faces bounded by (210), (201), (001), and 

sometimes (121) faces (Figure 1.8).78 Crystals are typically ~200-300 m in the largest 

dimension. UAD crystals are also colorless rectangular plates but the largest face is (001) 

bounded by (102) and (011) side faces.78  

                 

      

(100)

(121) (210)

(001)

(201)
(100)

(121) (210)

(001)

(201)

          

(001)(102)  

(011)

(001)(102)  

(011)

 

Figure 1.8. Photomicrographs of (a) UA and (b) UAD with various faces labeled. Scale bars 
= 100 µm. 

Naturally-derived uric acid crystals are colored (i.e. yellow orange to brown) and can have 

more variable morphologies (i.e. tabular, prismatic, equant, columnar, and sphenoidal). The dark 

colored cores of the crystals are due to the small amount of organic matrix in the crystals.79 

Adsorbed uricine (a bilirubin breakdown pigment) also give uric acid stones their characteristic 

reddish-orange color.80, 81 Figure 1.9 shows examples of pathologically deposited uric acid 

crystals.  

(a)  (b) 
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Figure 1.9. Micrographs of pathologically deposited uric acid crystals. Courtesy of Louis C. 
Herring Lab (Orlando, Florida).32  

1.2.6 Optical Properties 

While the morphologies of UA and UAD have similar characteristics, they can be 

unambiguously distinguished through their conoscopic light interference patterns. An Olympus 

BX-50 polarizing microscope with a 505 nm narrow bandpass filter was used to collect 

conoscopic images of UA and UAD single crystals.  

Both UA and UAD are monoclinic and are optically biaxial which means that they each have 

two principal refractive indices.82, 83 In UA crystals, the indices of refractions are nα = 1.588 (3) 

parallel to b, while n = 1.739 (3) and nγ = 1.898 (3) are offset by 45.6° from a* and c.82, 83 In 

UAD crystals, the indices of refractions are nα = 1.508 (3) parallel to a, n = 1.691 (3) parallel to 

c, and nγ = 1.728 (3) parallel to b.73, 82, 83 Hence, the optic plane in UA is tilted 45.6° through the 

large (100) plate face, while UAD exhibit a characteristic pattern with the optic plane 

perpendicular to the large (001) plate face. The conoscopic interference patterns of UA and UAD 

are shown in Figure 1.10. Due to the high optic angles in both UA and UAD, the melatopes for 



19 
 

these crystals are not observable. However, the obvious differences in their patterns allow us to 

easily distinguish UA from UAD. 

                      

(a) (b)

 

Figure 1.10. Conoscopic interference pattern of (a) UA and (b) UAD. Relevant 
crystallographic directions are indicated. 

Other techniques that we use to differentiate UA and UAD crystals are infrared spectroscopy, 

single crystal X-ray diffraction, and powder X-ray diffraction.  Infrared spectroscopy 

distinguishes UAD from UA by the strong water absorption band at ~3440 cm-1.73  Powder X-ray 

diffraction which we frequently use differentiates UA and UAD through their distinct diffraction 

patterns (Figure 1.11).  The characteristic diffraction lines for UAD are (002), (011), (102), 

(004), (112), (210), and (21-1) while that of UA are (200), (001), (210), (11-1), (121), and (021).  
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Figure 1.11. PXRD calculated patterns for UA (blue) and UAD (red) crystals from refcode 
URICAC and ZZZPPI02, respectively. Their characteristic diffraction lines are 
indicated.  

1.3 Phase Transformation and Epitaxial Nucleation 

Any solid may exist in different forms (i.e. hydrates, solvates, and polymorphs). Sometimes 

several phases can coexist under the same conditions. The relative thermodynamic stability of 

the various solid phases is determined by the Gibbs free energy and is given by: 

(1.8)  G = H - TS 
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where H is the enthalpy, T is absolute temperature and S is the entropy. The phase with the 

lowest free energy at a given temperature is the stable phase. According to Oswald’s Rule of 

Stages,84 a less stable phase lying nearest in free energy to the original state initially forms. This 

is not necessarily the most stable phase with the lowest free energy. Figure 1.12 illustrates an 

energy diagram for the nucleation of a two-phase system.   
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GII

I

II

Progress of the reaction
 

Figure 1.12. Schematic diagram for the nucleation of a two-phase system showing the energy 
barriers for the formation of phase I and II. Adapted from Rodriguez-Spong et 
al.85  

As illustrated in Figure 1.12, the transition from the initial state Go to phase I or II depends on 

the energy barrier for the formation of the two phases. Phase I is the metastable phase and II is 

the stable phase. The energy barrier for the nucleation of I (G*
I – Go) is lower than that for II (G*

II 
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– Go).
85, 86 Since the nucleation rate is related to the energy barrier, the metastable phase will 

nucleate at a faster rate than the stable phase, as it has a lower energy barrier to overcome.86 The 

metastable phase can subsequently transform into the stable phase over time. 

Phase transformation of a metastable phase to a stable phase can occur both in the solid state 

and in solution. In the former, the metastable phase undergoes molecular rearrangement to allow 

formation of the stable phase.87 In the latter, the transformation occurs by the dissolution of the 

metastable phase and crystallization of the stable phase from solution.88 This transformation is 

driven by the solubility difference between the metastable form and stable form, and the rate 

limiting step in the overall kinetics can depend on either dissolution of the metastable form or 

growth of the stable form. Factors such as crystal size,89 temperature,90 impurities,91 and 

stirring89 affect the transformation process. The kinetics of transformation are determined by 

measuring the solution concentration or fractional concentration of the crystals in contact with 

the solution. An important feature of this transformation process is that the surface of a phase 

existing in solution can facilitate the nucleation of a second phase.  

Epitaxial nucleation is a specific case of heterogeneous nucleation described by an oriented 

growth of a second phase on a crystalline substrate.92 Close values of crystal lattice parameters 

between two phases are a prerequisite for epitaxial nucleation. The energy for nucleation is 

lowered and the nucleation is considered two-dimensional rather than three-dimensional.85, 92 

Boistelle and Rinaudo demonstrated an epitaxial nucleation between UA and UAD phases.78 By 

manipulating supersaturation, each phase could be made to act as a nucleation substrate for the 

other. Epitaxial nucleation of UAD occurs on the UA (100) face, while the growth of UA on 

UAD occurs on some unspecified lateral faces of UAD. An illustration of epitaxial growth of UA 
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on UAD in our present study is depicted in Figure 1.13. During the transformation process, UAD 

crystals become opaque and UA crystals were observed to grow epitaxially on the UAD crystal 

surfaces.  

UAD

UA

UAD

UA
 

Figure 1.13. Photomicrograph showing epitaxial growth of UA (colorless and smooth) on 
UAD (opaque). Scale bar is 100 µm. 

The epitaxial relationship between UA and UAD has been observed in kidney stones.93, 94  

Frincu et al. calculated the epitaxial relationships between UA and UAD as well as between the 

two forms of uric acid and various other minerals found in kidney stones.95 Epitaxial matches 

between various faces of UA and UAD indicated a near perfect commensurate relationship 

between UAD (001) and UA (100). Forty one matches between UAD and various mineral 

surfaces showed the best matches with brushite and struvite. Of the 52 identified matches 

between UA surfaces and assorted minerals, the best matches were shown for calcium oxalate 

dihydrate, brushite, struvite, and newberyite. In a complex physiologic environment, it is not 

obvious how matrix might mediate these epitaxial relationships. 
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1.4 Overview of the Study 

As mentioned earlier, uric acid can adopt different crystal forms. Central to this thesis is the 

study of two forms: anhydrous uric acid (UA) and uric acid dihydrate (UAD). Both forms have 

been identified in kidney stones, with UA in higher abundance than UAD. We characterize these 

crystals in order to understand crystal nucleation, growth, aggregation and adhesion related to 

stone formation. The adhesion properties of UA surfaces are clearly important in both the 

attachment of crystals to renal epithelial cells and their aggregation to other crystals and/or 

matrix en route to stone formation. The adhesion properties of UA crystal surfaces were 

measured using chemical force microscopy and are detailed in Chapter 2. 

  In Chapter 3, the crystal growth of UAD from different solutions and its characterization is 

presented. Compositional analysis of numerous kidney stones showed that when UAD is present, 

it is generally associated with UA.34 This suggests that phase transformation may occur in these 

natural materials though the rate at which this process occurs was unknown. Previous work by 

Zellelow et al.87 reported the phase transformation of UAD in air, and Chapter 4 and 5 

investigates this transformation in solution. Solution-mediated transformation of UAD to UA 

may be important in the physiologic deposition of kidney stones, since UAD is metastable and 

rarely found in the absence of UA. The transformation process of UAD in both model aqueous 

solutions with known ionic strengths and pH, as well as model urine solutions is discussed in 

Chapter 4. Synthetic UAD crystals are known to be less stable than natural crystals.96, 97 The 

stability of natural crystals is presumably due to the incorporation of impurities during its 

crystallization.97 Chapter 5 describes the effect of impurities on the kinetics of the UAD to UA 

transformation.  
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Finally, various urate salts have been identified as minor components in kidney stones.33, 36-39 

Understanding the interaction of metal ions with urates can help elucidate the role of metals in 

the pathological deposition of kidney stones. Chapter 6 describes the crystal growth, 

characterization, and the first single crystal structure of a calcium urate salt.  
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CHAPTER 2 ADHESION PROPERTIES OF URIC ACID CRYSTAL SURFACES 

 
 

Reproduced in part with permission from Langmuir, submitted for publication. Unpublished 
work copyright 2012 American Chemical Society. 

 
 
 

2.1 Introduction 

Recent estimates suggest that 8-12% of men (4-6 % of women) in the US1 and UK2 will 

develop kidney stones at some time in their lives.  Kidney stones vary in their composition and 

size, but in general can be characterized as heterogeneous aggregates of micron-sized crystals 

held together by a small amount of organic matrix.  The assembly of these macroscopic entities 

is not well understood but must include several key steps including crystal nucleation, growth, 

aggregation and attachment to renal tissue.  Approaching the problem of kidney stone formation 

from a physical-chemical perspective requires detailed knowledge of the surface structure(s) of 

the individual crystalline building blocks and their adhesion properties in relation to other 

species present in the physiological fluid.   

Over 200 different inorganic and organic crystalline phases have been identified in human 

kidney stones.3 Anhydrous uric acid (UA) is the most abundant organic crystalline phase, having 

been identified as the major component in ~13 % of stones.1  High incidence rates of uric acid 
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stones have been correlated with metabolic syndrome4-7 and with chemotherapy treatment,8  but 

can also occur in otherwise healthy groups.  Several other phases of uric acid including the 

dihydrate,9 monohydrate,10 and various urate salts11-14 have also been identified in human kidney 

stones, though typically as minor components.   

The crystal structure of UA was first determined in the 1960s - space group P21/a and unit cell 

dimensions a = 14.464(3), b = 7.403(2), c = 6.208(1) Å, and  = 65.10(5)o.15  UA crystals grown 

from pure aqueous solution deposit as clear, colorless rectangular plates with large (100) faces 

bounded by (210), (201), (001), and sometimes (121) faces (Figure 2.1).16  Crystal sizes typically 

do not exceed ~200-300 m in the largest dimension.  Physiologically derived crystals can have 

more varied morphologies, but typically are also plate-like.  Micron sized crystals are handled 

effectively by properly functioning renal systems, however, macroscopic aggregates above a 

certain size (≥5 mm)17 become problematic.  The adhesion properties of UA surfaces are 

therefore clearly important in both the attachment of crystals to renal epithelial cells and their 

aggregation to other crystals and/or matrix en route to stone formation.    
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Figure 2.1. Molecular structure and typical plate-like morphology of anhydrous uric acid 
(UA) crystals grown from acidic aqueous solutions. Scale bar = 100 µm. 
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2.2 Principles of Atomic Force Microscopy  

Atomic force microscopy (AFM)18 is a technique used to study surfaces at the nanoscale based 

on interactions between a scanning probe and a surface (Figure 2.2). AFM employs an ultrasmall 

tip, usually silicon or silicon nitride, located at the end of a cantilever, which is raster-scanned 

over the surface of the sample that is mounted on a piezo-scanner. As the tip moves up and down 

with the contours of the surface, the cantilever deflects. The deflections are measured by a laser 

beam reflected off the back of the cantilever into a position sensitive photodiode detector. The 

measured deflections are used to generate the topographical image of the sample.  

mirror

photodiodelaser
diode

Si3N4 tip

sample

piezo scanner

mirror

photodiodelaser
diode

Si3N4 tip

sample

piezo scanner

 

Figure 2.2. Simplified schematic diagram of an atomic force microscope.  

AFM has been used in imaging and real time in-situ crystal growth of organic compounds19-26 

including UA.27 The surface topography and real time growth kinetics of UA (100) single crystal 
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surfaces were examined as a function of supersaturation and pH.27 Step velocities at various 

physiologically relevant pH values were found to linearly increase with uric acid supersaturation 

on UA (100). Recently, Perrin et al.24, 25 measured the growth kinetics of monosodium urate 

monohydrate (MSU) for both (010) and (1-10) faces. Step velocities for monolayers and multiple 

layers displayed a second order polynomial dependence on urate supersaturation on MSU (010) 

and (1-10). Rimer et al. used AFM to study L-cystine, also a component of kidney stones and 

suggests that rational design of crystal growth inhibitors could lead to the prevention of L- 

cystine stones.26  

2.3 Principles of Chemical Force Microscopy  

Chemical force microscopy (CFM), a variation of atomic force microscopy, is used to measure 

the adhesion properties of surfaces.28 In this technique, the AFM tips (Figure 2.3) are modified 

by controlled deposition of chromium and gold, followed by immersion of the tip in a solution of 

organic thiol. Chemisorption of the thiol (S-H) head groups onto a gold surface forms a self-

assembled monolayer (SAM). Interactions between the specific functional groups at the far end 

of the thiol and the sample are used to discern the adhesion properties of the surface. 
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Figure 2.3. Schematic diagram of a modified AFM tip showing functional groups R that 

interact with the functional groups Y on the sample surface.          
 

The adhesion between the modified tip and the surface is quantified using force curve 

measurements.  This technique consists of an approach-retract cycle between the tip and sample 

during which the cantilever deflection is measured. A typical force curve is depicted in Figure 

2.4. 
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Figure 2.4. A schematic diagram of a typical force measurement cycle. (A) The tip 
approaches the surface, (B) “jumps” to contact the surface, (C) further approaches 
the surface, (D) is retracted from the surface, (E) is released back to its original 
state. Adapted from Barattin and Voyer.29 

 In a force measurement cycle, the tip (A) is brought close to the surface, then “jumps” to 

contact the surface (B). After contact, the tip is pressed onto the surface of the sample (C). As the 

tip is retracted from the surface, the curve shows some hysteresis due to adhesion between 

functional groups on the tip and the surface (D). When the adhesion is broken, the tip is released 

back to its original equilibrium state (E). The cantilever deflection measured in the force-curve 

cycle is converted to force, F, using Hooke’s law: F = -kx with knowledge of the cantilever 

spring constant, k, and the maximum negative deflection, x (deflection between A and D).  
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2.3.1     Previous Chemical Force Microscopy Studies on Crystal Surfaces 

CFM has been used to study the adhesion properties of a broad range of materials, though the 

number of molecular crystal surfaces probed by CFM have to date been somewhat limited.30-40  

Chemical functionality of molecular crystals such as aspirin30 and cholesterol31 single crystal 

surfaces were assessed using various AFM probe tips. Utilizing hydrophobic and hydrophilic 

probe tips, Danesh et al.30 demonstrated the difference in the surface chemical structure of 

aspirin single crystal planes (001) and (100).  The data obtained from surface chemistry 

characterization have provided insight into the dissolution velocity of the two crystal planes. 

Abendan et al.31 characterized both the surface structure and the chemical composition of 

cholesterol monohydrate single crystals under very different but well-defined solution 

conditions. This study demonstrated that the functionality of the crystal surface can be altered by 

changes in the solution composition. The 3-hydroxyl end of cholesterol molecules is presented 

on the plate face in aqueous media, while alkyl tail groups terminate the surface in organic 

solutions.  

Smith et al.39 utilized AFM tips functionalized with amine and carboxyl groups to map the 

distribution of surface charge on natural hydroxyapatite (HAP) crystals derived from enamel 

samples. It was found that apatite crystals comprise large areas of positive charge, interrupted by 

smaller domains of negative charge. Additionally, Robinson et al.40 investigated the behavior 

and appearance of HAP crystal surfaces at various pH values. These studies lead to a better 

understanding of the binding of matrix proteins to the mineral surface. 

Studies by Sheng et al.32-34, 37 and Wesson et al.37 measured the adhesion forces on calcium 

oxalate monohydrate (COM) and calcium oxalate dihydrate (COD). Tips with ionic terminal 
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groups had a significantly higher adhesion to the most prominent (100) face of COM than all 

COD surfaces.32, 33 This observation was consistent with the greater propensity for COM to form 

stones.  Adhesion studies in the presence of citrate and other urinary species further supported 

the role of urinary macromolecules in face-specific binding to COM surfaces.33  

The present study uses CFM to investigate adhesion on the largest plate face of UA single 

crystals under well-defined aqueous conditions and in model urine solutions.  The adhesion 

forces between UA (100) and tips modified with various hydrophobic, hydrophilic, and charged 

groups were assessed in an effort to elucidate the most significant types of surface interactions 

that can occur under simulated physiologic conditions and how crystal aggregation, which is 

mediated by matrix, occurs in vivo.  

2.4   Experimental Methods and Materials 

2.4.1     Materials 

Water was purified by passage through two Barnstead deionizing cartridges followed by 

distillation.  McIlvaine buffers41 with controlled pH and ionic strength were prepared from 

C6H8O7·H2O (99.0%, EMD), Na2HPO4 (99.5%, Fisher), and KCl (99.0%, Sigma).  Artificial 

urine solution42 was prepared from Na2SO4 (99.9%, 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 

Chemical), and urea (Certified ACS, Fisher Chemical).  

1-Dodecanethiol (DD) (≥98%, Aldrich), 11-mercapto-1-undecanol (MU) (97%, Aldrich), 11-

mercaptoundecanoic acid (MUA) (95%, Aldrich), 4-mercaptobenzoic acid (MBA) (97%, 
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Aldrich), 4-mercaptophenol (MP) (97%, Aldrich), 4-mercaptoaniline (MA) (97%, Aldrich), and 

mercaptoethylguanidine (MEG) (≥98%, Sigma) were used in the preparation of chemically 

modified AFM tips.  All chemical reagents were used as received without further purification. 

2.4.2     Uric Acid Sample Preparation 

Uric acid (UA) single crystals were grown by dissolving 18-20 mg of uric acid (>99%, Sigma) 

in 100 mL boiling distilled water.43 The solution was buffered to pH = 4.0 with sodium acetate 

(99%, EMD) and acetic acid (99.7%, EMD) and placed in a 37o C (± 0.1o) water-bath for 48 

hours.  UA crystals deposited as rectangular plates typically ~200-300 m in their longest 

dimension with large (100) faces (Figure 2.1).   

UA crystals were mounted on 15-mm diameter coverslips with Loctite 5-minute epoxy 

(Henkel Corp).  The quality and orientation of the crystal were established using conoscopy44 on 

an Olympus BX-50 polarizing microscope.  The coverslip was then fixed to an AFM sample disc 

using epoxy and the disc was mounted in a small volume liquid cell in a Digital Instruments 

Multimode Nanoscope IIIa instrument.  All contact mode imaging was conducted at room 

temperature. 

2.4.3      Chemical Force Microscopy  

Commercial V-shaped 100-200m Si3N4 cantilevers (Digital Instruments, Santa Barbara) were 

coated by sputtering a 20 Å layer of chromium followed by 200 Å of gold. The gold coated 

cantilevers were then functionalized by immersion in 2-3 mM ethanolic solutions of various 

thiols for 22 hrs (Figure 2.5).28  The cantilevers were subsequently rinsed with absolute ethanol 

and dried under nitrogen.  The spring constant of individual tips was determined using the 
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reference cantilever method45  against a CLFC-NOBO tipless rectangular cantilever (Veeco 

Metrology) of known spring constant.  Chemically modified tips had an average spring constant 

of 0.25 ± 0.05 N/m.  
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Figure 2.5. Chemical structures of thiols used in this study: 1-dodecanethiol (DD), 11-
mercapto-1-undecanol (MU), 11-mercaptoundecanoic acid (MUA), 4-
mercaptobenzoic acid (MBA), 4-mercaptophenol (MP), 4-mercaptoaniline (MA), 
mercaptoethylguanidine (MEG).   

All experiments on single crystal UA were performed in either unbuffered distilled water, 

artificial urine42 or McIlvaine buffer.41 Topographical images of the UA (100) surface under 

fluid environments were obtained prior to force measurements.  Individual force-distance curves 

were acquired at a rate of 2 Hz in relative trigger mode with a trigger threshold set to 20 nm.  
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Over 500 individual force-distance curve measurements were acquired for each type of modified 

tip on at least 10 different locations per crystal.  Individual deflection versus Z-position curves 

were converted into force using Scanning Probe Image Processor (SPIP) software from Image 

Metrology (Lyngby, Denmark).  Adhesion data were plotted in a histogram with the normal 

distribution curve defined by the average and standard deviation.  

2.5  Adhesion Force Measurements 

UA crystallizes in a layered structure (Figure 2.6). Each layer in the bc plane consists of 

parallel ribbons of uric acid molecules hydrogen-bonded head-to-head (O2···H-N1: 1.826 Å, 

175.0o) and tail-to-tail (O8···H-N7: 1.734 Å, 155.8o) with the ribbon plane nearly perpendicular to 

the (100) surface.  No hydrogen bonding exists between ribbons within a layer, though ribbons in 

adjacent layers are also hydrogen bonded to one another to create a 3D network.  The (100) 

surface therefore presents a 2D array of edge-on uric acid molecules with both H-bond donor (N-

H) and H-bond acceptor (C=O) groups projecting from the surface.  Previous in situ AFM 

work27 showed that (100) surface topography is fairly smooth with a high proportion of unit cell 

height steps (14 Å) and multiples thereof aligned parallel to the crystallographic b direction.   
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Figure 2.6. Crystal packing diagram for UA constructed from fractional coordinates reported 
by Ringertz.15 Layers in the bc plane viewed normal to the (100) plane in which 
adjacent layers are colored blue and red to better show their relative orientation 
and near perpendicular orientation relative to the (100) surface.    
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Adhesion force measurements between single crystal UA (100) surfaces and seven different 

types of functionalized probe tips (Figure 2.5) were obtained under aqueous and model urine 

conditions.  Accurate average forces can be derived from the statistical analysis of numerous 

force distance curve data obtained under identical conditions. Statistical treatment of the data 

minimizes variations in the individual forces measured for any given tip-surface combination due 

to minor variations in tip shape and radius28, 46 as well as difficulties in quantifying the exact 

geometry between the tip and the sample.47 

In our experiments, a minimum of 500 individual force curves were assessed for each tip-

sample combination under a given set of solution conditions.  At least three different UA crystals 

were used for each type of tip, and approximately 10 force curves were obtained at each point 

with a minimum of 10 points per UA sample. Most individual adhesion values fell within the 

normal distribution curve with only a few outliers with unusually high forces, which are 

presumably due to multiple contacts between tip and UA sample.  The average adhesion forces 

and standard error of the mean reported herein were calculated from all measured values. 

Tips terminated with hydrophobic (methyl), hydrophilic (hydroxyl, amino) and ionic 

(amidinium, carboxylate) groups cover a range of potential binding interactions that can occur in 

vivo between biomolecules and the UA surface. DD, MU, MEG, and MUA coated tips mimic 

alanine, serine, arginine and glutamic acid side chains, respectively.  Interactions with arenethiol 

functionalities (i.e. MBA, MP, MA) were also examined to assess whether steric factors 

contribute to the adhesion forces measured.     
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2.5.1      Adhesion Forces in Distilled Water 

Adhesion force measurements between UA (100) and the variously functionalized tips were 

first carried out in distilled water (pH = 6.5 ± 0.4).  Representative histograms appear in Figure 

2.7.  A comparison of the adhesion forces in water also appears in Figure 2.8. Overall, the 

average adhesion force measured for the different tips varied by a factor of 3.  The cationic tip 

MEG (2.22 nN) had an average adhesion force ~ 33% higher than any other type of tip.  The 

three tips with ionizable groups MA, MBA and MUA, had the next highest forces in a similar 

range (1.62-1.70 nN).  The two hydroxyl terminated tips MP and MU were similar (1.29-1.34 

nN), and the lowest adhesion was obtained from methyl terminated tips DD (0.78 nN).   
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Figure 2.7. Frequency distribution of adhesion forces between UA (100) face and different 
thiol-coated tips performed in distilled water with pH~6.5. (a) MEG, 2.22 ± 0.04 
nN,  (b) MUA, 1.62 ± 0.02 nN, (c) MU, 1.29 ± 0.04 nN, (d) DD, 0.78 nN ± 0.02 
nN.    

 



49 
 

0

0.5

1

1.5

2

2.5

DD MU MUA MEG MP MBA MA

Functional groups

A
d

h
e

si
o

n
 f

o
rc

e
 (

n
N

)

 

Figure 2.8. Adhesion forces measured between UA (100) and different functionalized tips 
measured in distilled water.    

The significantly higher adhesion observed between cationic tips (MEG) and UA (100) we 

attribute to both charge-assisted hydrogen bonding and electrostatic interactions.  The pKa of uric 

acid is 5.5.48  In solutions where the pH > pKa, one expects the majority of uric acid molecules in 

solution to be ionized to urate by loss of a proton at the N3 position.49 Molecules in the bulk of a 

UA crystal must still be protonated regardless of the solution conditions, however, given the near 

perpendicular orientation of uric acid molecules relative to the UA (100) plane, it should be 

feasible to deprotonate at least some of the surface molecules, thereby imparting a partial 

negative charge to the surface.  Previous electrophoretic mobility studies on UA particles 

indicate that UA crystal surfaces under some conditions bear a small negative charge.50  It 
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follows that cationic tips would therefore have the highest adhesion to these types of surfaces.  

The potential for a MEG tip to interact with surface uric acid molecules with varying protonation 

states on a given UA (100) surface may also help to explain the  comparatively larger number of 

individual adhesion measurements that were 2+ standard deviations above the mean. 

The ionization state of amino-terminated thiols is dependent on both the solution pH and 

whether they are free in solution or bound to a substrate.  The pKa of protonated MA in solution 

is 4.3, however, when bound to a surface the pKa is estimated to shift to 6.9±0.5.51 Under the 

CFM conditions used (pH = 6.5), the MA tip will more likely act as a hydrogen bond donor at 

the tip-crystal interface and not form complementary charged pairs with surface urates. Aliphatic 

carboxylic acids like MUA typically have a pKa of ~ 4.8 in solution, but reportedly shift to 

higher values ~ 5.2 when bound to a surface.52  The pKa of aromatic carboxylic acids such as 

MBA is 5.5 in solution but shifts to 7.0 when bound to a surface.53  In a pH 6.5 solution, one 

expects MBA coated tips to be protonated, but MUA coated tips to be partially or fully ionized to 

carboxylate.   The different ionization states should affect the type of interactions at the tip-

crystal interface, with only the former able to act as both a hydrogen bond acceptor and donor.  

However, the overall adhesion properties for these two tips were similar.  

 Tips with hydroxyl end groups (i.e. MP and MU) can hydrogen bond to surface uric acid 

molecules, though the strength of the alcohol hydrogen bonds tends to be weaker than the 

carboxyl hydrogen bonds. That there are only minor differences in adhesion between aliphatic 

and aromatic tips suggests that steric factors do not significantly affect the adhesion 

measurements.  The lowest mean adhesion force of 0.78 nN observed with the DD methyl-
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terminated tip was expected, given the polar nature of the UA surface and the non-polar nature of 

the tip.    

2.5.2      Adhesion Forces in Model Urine Solution 

In an effort to better assess the adhesion properties under physiologic conditions, adhesion was 

reexamined in model urine solution.  Urine is a complex fluid whose composition and 

concentration varies greatly depending on a variety of factors including diet, exercise and degree 

of hydration.  The model urine used in this study was derived from an established standard42 

consisting 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 mM), Na3C6H5O7·2H2O (2.7 mM), 

and urea (291.4 mM).  The model urine solution had a pH of 5.0 – 5.10 and an ionic strength of 

~0.5M. 

Over 1200 individual force curves between each type of thiol and UA (100) surfaces were 

collected in artificial urine solution. At least six different crystal samples were used for each type 

of tip. Representative histograms for some tip-surface combination appear in Figure 2.9 and the 

values obtained are plotted in Figure 2.10 (red bars). Adhesion forces measured in artificial urine 

were all lower than the corresponding forces in aqueous solution (blue bars).  In most cases, 

adhesion was reduced by 38-47% in model urine, the exception being the DD tips which 

decreased by only ~ 13%.  Aqueous solution and model urine differ in two key respects – the 

latter has a lower pH (5 vs 6.5) but a much higher ionic strength.  Notably, despite differences in 

the solutions, the trends in the relative forces were identical in water and model urine (e.g. MEG 

> MA, MBA, MUA > MP, MU > DD).   
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Figure 2.9. Frequency distribution of adhesion forces between UA (100) face and different 
thiol-coated tips performed in model urine solution with pH~5. (a) MEG, 1.27 ± 
0.03 nN,  (b) MUA, 0.99 ± 0.03 nN, (c) MU, 0.82 ± 0.01 nN,  (d) DD, 0.68 nN ± 
0.01 nN.    
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Figure 2.10. Adhesion forces measured between UA (100) and different functionalized tips 
measured in distilled water (blue bars) and model urine solution (red bars).   

2.5.3     Effect of pH and Ionic Strength on Adhesion Forces 

In order to assess the relative contribution of pH and ionic strength, we examined adhesion of 

MEG, MUA and DD tips in a series of McIlvaine buffers (C6H8O7·H2O, Na2HPO4) prepared at 

pH 5, 6 and 7.  The advantage of using this buffer system is that KCl could be added to each 

solution to maintain a constant ionic strength (IS) of 0.5 M.  The IS of human urine typically 

ranges from 0.3 - 0.6 M.54   

Both DD and MEG tips showed little variation in the average adhesion over this pH range 

under fixed IS conditions.  The ionization state of the tips does not change over this range – DD 

is always neutral and MEG is always cationic.  Adhesion forces between MUA tips and UA 
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(100) decreased by 13% from pH 5 to 6.  If one assumes the UA surface maintains the same 

negative surface charge over the pH range examined, the reduction in MUA adhesion at elevated 

pH can be explained by changes in the ionization of the tip.  With increased pH, one expects a 

greater % of the COOH groups in MUA to be deprotonated to COO- and a consequent reduction 

in this tip’s adhesion to a negatively charged UA surface.  Other factors may also contribute to 

the reduction in adhesion at higher pH.  Previous studies on UA particles showed that the surface 

electric potential increases over a pH range of 2.0 – 6.5, although the increase is fairly minor in 

the upper pH 5 - 6.5 range.50 Also worth noting is that there was some difficulty in obtaining 

measurements at higher pH values since UA solubility increases exponentially when the pH > 

pKa.
55  The changing uric acid solution concentration at higher pH may also influence the 

adhesion observed at a given pH.  Adhesion measurements obtained in McIlvaine buffer were 

lower than the analogous measurements obtained in distilled water with equivalent pH but more 

comparable in magnitude to those obtained in model urine.   

We attempted to assess the influence of ionic strength on adhesion by measuring the 

interactions between a non-ionizable MU tip at pH 5 in McIlvaine buffers with ionic strengths 

ranging from 0.3M – 0.7 M.  Only a modest increase in adhesion forces was observed from 0.70 

nN (0.3 M), 0.80 nN (0.5 M), and 1.03 nN (0.7 M).  Again, the magnitude of the force in these 

various ionic strength solutions was more comparable to forces obtained in model urine.  Both 

pH and ionic strength clearly influence the magnitude of adhesion with some types of 

functionalities.  It is well known that the pH and ionic strength of actual urine can vary 

significantly with numerous factors ranging from time of day, diet and exercise.  Presumably 



55 
 

adhesion to renal epithelial cells and/or aggregation of UA to other particulate matter occurs 

more/less readily under some local conditions than others.   

2.6     Conclusions 

Chemical force microscopy has been used to directly quantify the adhesion between UA (100) 

surfaces and various types of chemical functionalities. Measurements obtained in distilled water 

and model urine showed similar trends, with the highest adhesion found between UA (100) and 

cationic surfaces.  The magnitude of any force was found to be very much dependent on the 

mediating solution.  Ionic strength and pH are clearly influential solution parameters, though 

other factors may also affect the magnitude of the adhesion.   

That UA crystal adhesion to cationic surfaces was higher than anionic surfaces highlights a 

major difference between molecular crystal surfaces (in this case of a weak acid) and most other 

inorganic biominerals.  The latter typically are thought to interact through strong electrostatic 

interactions with other charged species, both anionic and cationic.  For small molecule organic 

crystals, the types of intermolecular interactions are usually considered to be weaker, e.g. 

typically some combination of hydrogen bonding and/or van der Waals forces.  A previous study 

by Koka et al. on the adhesion of UA crystals to renal epithelial cells56 concluded that hydrogen 

bonding (rather than ionic bonding) plays the major role in UA crystal-cell interactions under 

conditions where UA is electrically neutral.  What the present study reveals is that electrostatic 

interactions can also be significant, particularly when the solution conditions alter the ionization 

state of the crystal surface.   
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CHAPTER 3 URIC ACID DIHYDRATE CRYSTAL GROWTH AND 

CHARACTERIZATION 

 
 
 

3.1 Introduction 

Uric acid is the most abundant organic component in human kidney stones. It exists in 

numerous forms under physiological conditions: anhydrous uric acid (UA),1 uric acid 

monohydrate (UAM),2 uric acid dihydrate (UAD),1 and various salts such as monosodium urate 

monohydrate (MSU)3. Compositional studies of numerous kidney stone samples revealed that 

when UAD is present, it is almost always associated with UA.1 Chapter 3 describes the crystal 

growth of UAD (Figure 3.1) from different solutions and its characterization.  
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Figure 3.1. Molecular structure of uric acid dihydrate, C5H4N4O3·2H2O. 
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3.2   Experimental Methods and Materials 

3.2.1 Materials 

All chemical reagents were used as received and without further purification. Water was 

purified by passage through two Barnstead deionizing cartridges followed by distillation. Uric 

acid solutions of pH 4 were prepared from uric acid (>99%, Sigma), sodium acetate (99% EMD), 

and acetic acid (99.7%, EMD). Artificial urine4 solution was prepared from Na2SO4 (99.9%, 

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). For atomic absorption 

spectrophotometry (AAS) experiments, stock standard solutions of sodium, potassium, and 

magnesium were prepared from NaNO3 (99.1%, Sigma-Aldrich), KNO3 (99+%, Fisher), and 

Mg(NO3)2·6H2O (100.1%, Fisher), respectively.  

3.2.2 UAD Crystal Growth from Distilled Water 

Crystals of uric acid dihydrate (UAD) were grown by dissolving 180-200 mg of uric acid (1-

1.2 mM) in 1 L boiling distilled water as described in section 1.2.3.5 The pH of the solution was 

buffered to 4.0 with sodium acetate and acetic acid and maintained at 25° C for 48 hours. UAD 

crystals were vacuum-filtered through Whatman #1 filter paper and air-dried.  

3.2.3 UAD Crystal Growth from Various Salt Solutions 

Supersaturated aqueous solutions were prepared by dissolving 18 mg of uric acid powder (1 

mM) in 100 mL boiling water.  Salt solutions of concentration ranging from 6-214 mM were 
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added to the uric acid solutions. The solutions were kept at 25° C and crystals were harvested 

after 48 hours. Similar growth of UAD in the presence of higher salt concentration (0.2-0.12 M) 

was described in previous work by Zellelow et al.6 For clarity, we denote the crystals grown this 

way as UAD-salt. 

3.2.4 UAD Crystal Growth from Artificial Urine Solutions 

To mimic physiological conditions, UAD crystals were grown from artificial4 urine solution 

(pH is 5.00-5.10). Artificial urine has previously been used as a growth medium for  other 

crystalline materials found in kidney stones.7-9 The concentration of model urine component is 

summarized in Table 3.1. Approximately 750 mg of uric acid powder (4.5 mM) was mixed in 1 

L artificial urine solution. The solution was heated and stirred until the uric acid completely 

dissolved. The solution was then filtered and stored at two different temperatures: at room 

temperature (~25° C) for 4 days or in a 37° C water bath for 1 day. UAD crystals grew from both 

solutions, and were vacuum-filtered through Whatman #1 filter paper and air-dried. 

In another crystal growth experiment, the same general procedure above was followed in 

which approximately 750 mg of uric acid powder (4.5 mM) was mixed in 1 L artificial urine 

solution. The solution was filtered, cooled, and pH was adjusted to 4.0 by adding acetic acid, and 

stored at room temperature (25° C) or in a 37° C water bath for 1 day. UAD crystals were 

vacuum-filtered through Whatman #1 filter paper and air-dried.  

For crystals grown from artificial urine (UAD-urine), we use the nomenclature UAD-

urineT
pH

 to denote the temperature and pH of the growth solutions. Table 3.2 lists all the UAD 

growth conditions and their respective nomenclature. 
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Table 3.1.     Components of artificial urine solution.4   

 
Species Concentration (mM) 
Na2SO4 14.9 
KCl 92.6 
NH4Cl 65.1 
MgSO4· 7 H2O 6.7 
Na2HPO4 1.8 
NaH2PO4·H2O 39.6 
NaCl 213.9 
Na3C6H5O7·2H2O 2.7 
Urea 291.4 

Table 3.2.     UAD growth conditions and their respective nomenclature.  

 
Growth condition Nomenclature 
 
Distilled water, 25oC, pH 4 
 
Artificial urine, 25oC, pH 4  
 
Artificial urine, 25oC, pH 5 
 
Artificial urine, 37oC, pH 4 
 
Artificial urine, 37oC, pH 5 
 

 
UAD25°C

pH4  or pure UAD 
 
UAD-urine25°C

pH4 
 
UAD-urine25°C

pH5 
 
UAD-urine37°C

pH4 
 
UAD-urine37°C

pH5 
 

 

3.3   UAD Characterization 

A wide variety of analytical techniques such as optical microscopy, hot stage microscopy, X-

ray diffraction, thermal analysis, atomic absorption spectrophotometry and scanning electron 

microscopy attached to energy dispersive spectroscopy were employed to characterize UAD 

crystals.  
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3.3.1 Crystal Morphology 

The morphology and size of UAD crystals varied depending on their growth conditions. 

Optical microscopy and X-ray diffraction techniques were used to characterize single crystal 

morphologies.   

3.3.1.1 Optical Microscopy 

All micrographs were taken using an Olympus BX-50 polarizing microscope fitted with a 

Nikon COOLPIX995 digital camera operated with krinnicam_v1-03 software (Nikon Corp). 

Figures 3.2, 3.3 and 3.4 show the morphology of UAD crystals grown from distilled water 

(UAD25°C
pH4), various salt solutions (UAD-salt) and artificial urine solution (UAD-urine), 

respectively. UAD25°C
pH4 crystals and UAD-salt crystals are mostly ~100-200 µm rectangular 

plates while UAD-urine crystals have more variable sizes and morphologies ranging from 

elongated plates to needles. Distinct needle-like crystals were observed for UAD-urine25°C
pH4 

(Figure 3.4a).  

 

Figure 3.2. Photomicrograph of UAD crystals grown from distilled water. Scale bar  =  100 
µm. 
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(a)                                        (b)

(c)                                       (d)

(a)                                        (b)

(c)                                       (d)

 

Figure 3.3. Photomicrographs of UAD grown from salt solutions. (a) With 92.6 mM KCl; (b) 
With 6.7 mM MgSO4·7H2O; (c) With 213.9 mM NaCl; (d) With 65.1 mM NH4Cl. 
Scale bar = 100 µm. 

(a)                                        (b)

(c)                                       (d)

(a)                                        (b)

(c)                                       (d)

 

Figure 3.4. Photomicrograph of UAD crystals grown from artificial urine. (a) UAD-
urine25°C

pH4; (b) UAD-urine37°C
pH4; (c) UAD-urine25°C

pH5, (d) UAD-urine37°C
pH5. 

Scale bar = 100 µm. 
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Aside from morphology changes, different uric acid phases crystallize at the same temperature 

in different solutions.  UAD crystallizes in supersaturated aqueous uric acid solution (1.0 mM) 

stored at 25° C, while UA crystallizes at 37° C. In artificial urine solution, UAD crystallizes in 

both 25° C and 37° C when the supersaturation of uric acid in solution is high, such as the 4.5 

mM that was used in this study.  At low supersaturation (1.3 mM), UA can crystallize in pH 5.5 

artificial urine solution at 37° C as reported by Grases et al.9  

3.3.1.2 Single Crystal Face Indexing 

Previous work10 characterized the morphology of UAD grown from distilled water. UAD 

crystals grown from artificial urine were examined by single crystal X-ray diffraction (Bruker 

SMART or APEX Platform CCD diffractometer) to determine the crystal faces. APEX2 

software was used for crystal face indexing. After unit cell determination, a video is collected as 

the crystal is spun 360 degrees around the instrument’s Phi axis. When the video is fully 

collected, the face indexing initial view will appear. The user can then rotate the crystal within 

the software using a dial control at the bottom of the screen. The software notes when particular 

planes should be visible in these images based on the video camera’s orientation relative to the 

determined unit cell. The user can then mark when these faces are clearly perpendicular to the 

viewer thus assigning Miller Indices to the faces. As more faces are defined, the software 

displays a graphical model superimposed over the video images (Figure 3.5). Crystallographic 

faces can be input into the software and thus placed onto the image to check if known faces are 

present or to determine if one of two similar faces is a better match. WinXMorph11 (Figure 3.6) 

was then used to draw the morphology of the crystal that had been indexed with APEX2 

software.  
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Figure 3.5. Screen capture from APEX2 showing representative indexing of a UAD-
urine25°C

pH4 crystal. 

 

Figure 3.6. WinXMorph11 generated schematic of the UAD crystal indexed in Figure 3.5. 
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Figure 3.7 shows the schematic of the UAD crystals grown from different solutions. UAD-

urine crystals showed faces that are also found in UAD25°C
pH4. Although new faces appear in 

UAD-urine crystals, the largest face for both elongated plate (Figure 3.7 b) and needle-like 

crystals (Figure 3.7 c) is (001) similar to what was observed in UAD25°C
pH4 (Figure 3.7a).  
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b
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Figure 3.7. Schematic of the UAD crystals grown from different solutions. (a) UAD25°C
pH4 (b) 

UAD-urine37°C
pH4; (c) UAD-urine25°C

pH4. 

  We also tried a full data collection at 100 K on single crystals of UAD grown from artificial 

urine which exhibited cell axes of a = 7.2135 (2) Å, b = 6.3788 (19) Å, c = 17.4563 (5) Å. Parkin 

and Hope reported a crystal structure collected at 120 K of UAD grown from distilled water with 

cell dimensions of a = 7.237 (3) Å, b = 6.363 (4) Å, c = 17.449 (11) Å.12  The similar cell 
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parameters of both determinations unambiguously indicated that the crystals grown from 

artificial urine are UAD. 

Other uric acid phases found in physiologic condition are also known to form as needle-like 

crystals. One such example is monosodium urate monohydrate (MSU).3 However, the cell 

dimensions of a = 10.888 (5) Å, b = 9.534 (3) Å, c = 3.567 (1) Å for MSU are different from 

those obtained for crystals grown in artificial urine solution. Clearly, the crystals that deposit 

from artificial urine solutions are UAD based on the cell parameters obtained.  Thermal analysis 

and powder diffraction data which are described in section 3.3.3 and 3.3.4, respectively, further 

supported this finding. 

3.3.2 Hot Stage Microscopy 

Previous work used hot stage microscopy to examine the isothermal dehydration of pure UAD 

crystals.13 Dehydration experiments were performed on UAD-urine crystals using an HS1-

STCC20A hot stage regulated by an STC200 standalone temperature controller (Instec, Inc.). 

UAD crystals were placed on 1 mm thick microscope glass slides before placement on the 

heating stage. The dehydration was monitored by heating the single crystals from room 

temperature to 200° C at 10° C/min while collecting sequential photomicrographs over regular 

time intervals. The heating stage was calibrated against known standards and has a standard 

deviation of 1° C over the temperature range used.   

UAD-urine crystals are mostly plates and needles with elongated a-axes. In one 3700 µm 

crystal along a-axis (Figure 3.8), numerous cracks form parallel to the b-axis and the crystals 

turn opaque during the course of heating. This is due to dehydration and the conversion to 
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polycrystalline UA. This anisotropy in the crack direction is similar to what has been previously 

observed in rectangular UAD crystals grown in distilled water.13 The needle-like UAD-urine 

crystals appears to bend at temperatures ranging from 84.5° to 200° C.   

  
30.9° C     68.7° C 76.2° C 
   

 
77.9° C 80.9° C 84.5° C 

 

   
88.9° C 91.4° C 94.1° C 

 

  
98.2° C 150° C 200° C 
                     

Figure 3.8. Hot stage microscopy images of UAD-urine25°C
pH4 subjected to heating up to 200° 

C. The crystal is viewed through the (001) face with the ± a axis horizontal and 
±b axis vertical. Scale bar = 100 µm. 

 

 

a 
b 
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3.3.3 Thermal Properties 

3.3.3.1 Thermogravimetric Analysis 

Thermogravimetric analyses were performed on a SDT Q600 TA instrument (New Castle, 

DE). Samples were analyzed in an alumina pan from room temperature to 150° C at 10° C/min 

under a stream of nitrogen gas. A nitrogen flow rate of 50 mL/min was used and each set of 

experiments was performed in triplicate. All the experiments were conducted using open 90 µL 

alumina pans (TA instruments). Samples were used without sieving or grinding. All 

experimental curves were analyzed with TA’s Universal Analysis Software. Figure 3.9 shows a 

typical TGA scan of UAD25°C
pH4 and UAD-urine37°C

pH5. In the majority of the TGA scans, the 

onset temperature for UAD dehydration from distilled water occur several degrees earlier than in 

the UAD crystals grown from artificial urine solution. However, there is no significant difference 

in the initial weight loss for both UAD crystals. The amount of residual water removed at the tail 

end of the curve is also comparable at typically ~1% for both crystals.  
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Figure 3.9. TGA curve of the dehydration of UAD25°C
pH4 (green) and UAD-urine37°C

pH5 
(blue). The presence of two water molecules is shown by a weight loss of 17.37 
and 17.54 % (theoretical weight loss is 17.65%). 

3.3.3.2 Differential Scanning Calorimetry 

The dehydration process can in principle be affected by factors such as crystal morphology and 

size. Experiments aimed at assessing dehydration as a function of crystal size were performed on 

a TA Instruments 2900 DSC equipped with a RCS cooler (New Castle, DE). UAD-urine25°C
pH4 

crystals were vacuum filtered, quickly air-dried, and then separated using a mini-sieve (Fisher 

Scientific, USA) into groups with eight different size ranges:  25 mesh = 710-500 µm; 35 mesh = 

500-355 µm; 45 mesh = 355-250 µm; 60 mesh = 250-180 µm; 80 mesh = 180-125 µm; 120 mesh 

= 125-90 µm; 170 mesh = 90-62 µm, and ≤ 62 µm. Samples (2-3 mg) were placed in hermetic 
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aluminum pans and loosely sealed with a manual press. To prevent crushing the crystals, the 

pans were capped with the lid forming a “top-hat”-like shape leaving some space between the lid 

and the crystals. A similarly sealed empty hermetic pan was used as a reference. All experiments 

were run in triplicate with a temperature ramping mode of 10.0° C/min from room temperature to 

150° C. The DSC cell was continuously purged with nitrogen gas at 50 mL/min. The instrument 

temperature was calibrated against indium, zinc, and tin standard metals. All temperatures cited 

refer to peak temperatures, not onset temperatures. All experimental curves were analyzed with 

TA’s Universal Analysis Software. 

The DSC of UAD-urine25°C
pH4 crystals resulted in a single endothermic peak with Tm at 

100.84° C (±1.12), 100.63° C (±1.85), 101.09° C (±0.47), 98.64° C (±1.20), 98.76° C (±1.36), 

89.96° C (±0.54), 90.78° C (±0.55), and 90.34° C (±0.15) for each of the eight groups in 

decreasing size, respectively (Table 3.3). The observed dehydration temperatures suggest that the 

contribution of any particle size effects to the overall dehydration temperature for crystals >125 

µm is relatively small. Similarly, crystals <125 µm had a similar dehydration temperature, 

though it was ~10o lower for the smaller crystals. The significant difference in the dehydration 

may be due to several factors. Small crystals might nucleate later than large ones giving them 

either a different impurity content or degree of perfection (from slower growth). Alternatively, 

decrease in dehydration may be due to the fractured nature of the crystals which pass through 

many sieves. Small crystals tend to have significantly more cracks/less perfect edges after 

sieving. In previous work by Zellelow et al., DSC of unsieved UAD crystals grown from 

distilled water showed a single endothermic peak at an average temperature of 87.39° C (± 

0.20).13   
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Table 3.3.     Uric acid dihydrate dehydration temperatures. 

 
Size of crystal, 
µm 

Dehydration temperature,  
Tm (°C) grown from artificial 
urine  

Dehydration temperature,  
Tm (°C) grown from 
distilled water13 

710-500 100.84 ± 1.12   
500-355 100.63 ± 1.85   
355-250 101.09 ± 0.47   
250-180 98.64  ± 1.20   
180-125 98.76 ± 1.36  90.97 ± 1.63  
125-90 89.96 ± 0.54  89.90 ± 0.11  
90-62 90.78 ± 0.55  89.55 ± 0.52  
≤ 62 90.34 ± 0.15   
Unsieved   87.39 ± 0.20  
 

The dehydration changes of UAD crystals grown from distilled water was also examined as a 

function of particle size.13 UAD crystals with size ranges of 180-125 µm, 125-90 µm, and 90-62 

µm showed dehydration of 90.97° C (± 1.63), 89.90° C (± 0.11), and 89.55° C (± 0.52), 

respectively (Table 3.3). The ~1° C difference in the dehydration temperature at these size ranges 

suggested that the contribution of particle size effect is relatively small.   Interestingly, the 

dehydration temperatures observed for UAD crystals grown from artificial urine solution are 

higher than those grown from distilled water at all sizes. This suggests something fundamentally 

different about the materials. Matrix inclusion of ionic species present in artificial urine was 

hypothesized to be the source of the temperature differences in urine and aqueous grown UAD 

crystals.  

3.3.4 Powder X-ray Diffraction 

Powder X-ray diffraction analyses were performed on different UAD samples at room 

temperature on a Rigaku R-AXIS RAPID-S X-ray diffractometer using Cu K radiation with 
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40kV tube voltage and 30 mA tube current. The samples were prepared by packing them in 0.5 

mm glass capillaries (Charles Super Company). Each capillary was mounted onto a goniometer 

head that is motorized to permit spinning of the capillary during data acquisition. Using a 0.3 

mm collimator, the data was collected for 1 hour with a Phi spin rate of 1° per second. The 

diffraction pattern was integrated over a 2 range from 4° to 50° with a step size of 0.01 degrees. 

Data analysis was performed using Rigaku RAPID/XRD Version 2.3.3, AreaMax software and 

Jade v5.035 software (Material Data Inc.). Since sample grinding may contribute to the 

premature dehydration of UAD, all PXRD analyses were performed on unground samples.  

The powder X-ray diffraction patterns for UAD grown from distilled water and artificial urine 

along with UAD calculated pattern are shown in Figure 3.10. Characteristic diffraction lines of 

(002), (011), (102), (112), (210), and (21-1) are observed in all powder data.  
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Figure 3.10. UAD calculated pattern (bottom), UAD grown from distilled water (middle), 
UAD grown from artificial urine (top). 

PXRD data were also collected for UAD-urine25°C
pH4 crystals that were sieved into different 

mesh sizes. PXRD were performed at room temperature on a Rigaku Ultima IV Xray 

Diffractometer using Cu K radiation with 40 kV tube voltage and 44 mA tube current.  PXRD 

data was analyzed using Jade v9 software. PXRD was performed on both unground and ground 

samples. The diffraction data on unground samples for all UAD size ranges are the same, but 

(002) 
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(004) 
(112) 
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Calculated UAD 

UAD from distilled 
water 
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urine solution 
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they all showed preferred orientation. To clearly assess the diffraction patterns of the different 

UAD crystal sizes, PXRD was performed on ground samples. Their diffraction patterns along 

with the UAD grown from distilled water, and calculated UAD and UA patterns are depicted in 

Figure 3.11. Characteristic diffraction lines of UAD (002), (011), (102), (112), (210), and (21-1) 

are observed in the UAD-urine25°C
pH4 crystals at all sizes. The appearance of a diffraction line 

that seemed to coincide with UA (11-1) we attribute to premature dehydration of UAD on 

ground samples. 
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Figure 3.11. PXRD patterns of the different size ranges of UAD-urine25°C
pH4 crystals. 

Diffraction patterns of these crystals are compared to UAD from distilled water, 
calculated UAD (bottom), and calculated UA (top).  
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3.3.5 Atomic Absorption/Emission Spectrophotometry 

Atomic absorption/emission spectrophotometry (AAS/AES) is an analytical technique that is 

highly specific for the analysis of metals in various matrices. The method is based on the 

selective absorption/emission of line radiation by atomic species in the vapor phase. Samples 

were analyzed for their Na, K, and Mg content.  

3.3.5.1 Standard Preparation 

A 1000 ppm sodium stock solution was prepared by dissolving 0.9243 g of NaNO3 in 250 mL 

of 0.3 M HNO3. A 1000 ppm potassium stock solution was made by dissolving 0.6465 g of 

KNO3 in 250 mL of 0.3 M HNO3. A 1000 ppm magnesium stock solution was prepared by 

dissolving 2.6380 g Mg(NO3)2·6H2O in 250 mL of 0.3 M HNO3. 
 All stock standard solutions 

were stored in polyethylene bottles. Intermediate standard solutions of 100 ppm and 10 ppm 

were prepared from the stock standard solutions. Individual solutions over the range 0.0 to 2.0 

ppm of each element in 0.3 M HNO3 were prepared from 10 ppm intermediate standard 

solutions. 

3.3.5.2 Sample Preparation 

UAD-urine crystals (49.9 - 50.9 mg) were dissolved in 1 mL concentrated HNO3 and diluted 

to 50 mL in a volumetric flask.  Samples were prepared in triplicate.  

3.3.5.3 Analysis 

All experiments were carried out with a Buck Scientific 200A spectrophotometer. The 

analytical wavelength was set to the manufacturer’s recommended conditions for sodium, 
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potassium, and magnesium at 579 nm, 766.5 nm, and 285 nm, respectively. At the optimized 

operating conditions, the atomic absorption spectrophotometer was zeroed against a 0.3 M HNO3 

solution. Calibration curves for each metal were prepared by aspirating the standard solutions 

into an air-acetylene flame and recording the absorbance or emission of all solutions. The 

absorbance or emission of the sample solutions were then measured using the same conditions 

that were used for the preparation of the calibration curves. Potassium and magnesium were 

determined in absorption mode, while sodium was determined in emission mode because a 

hollow cathode lamp for the analysis of sodium was not available.  

Table 3.4 shows the cation content in UAD-urine crystals. The reported values are averages 

and standard deviations of three samples per growth condition. All growth conditions resulted in 

inclusion of Na+, K+, and Mg2+, though the concentrations varied. For all the cations studied, 

greater ionic inclusion was observed at higher pH. For every 107 UAD molecules, 17-117 Na+, 7-

67 K+ and 3-7 Mg2+ were present. Urate ions are presumably also included for charge balance. 

The higher ion load seen at higher solution pH may be related to the highest urate concentration 

at these pH values.   
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Table 3.4. Cation content in UAD grown from artificial urine solution of varying pH and 
temperature.  

 
Crystal mg Na+/ 

kg UAD 
mg K+/ 
kg UAD 

mg Mg2+/ 
kg UAD 

Total ion  
inclusion (mg/kg) 

 
UAD-urine25°C

pH4 
(n=3) 

 
 

UAD-urine25°C
pH5 

(n=3) 
 
 

UAD-urine37°C
pH4 

(n=3) 
 
 

UAD-urine37°C
pH5 

(n=3) 
 

 
0.078 ± 0.008 

 
 
 

1.323 ± 0.022 
 
 
 

0.136 ± 0.199 
 
 
 

0.415 ± 0.081 

 
0.354 ± 0.117 

 
 
 

1.279 ± 0.046 
 
 
 

0.134 ± 0.051 
 
 
 

1.174 ± 0.311 

 
0.049 ± 0.016 

 
 
 

0.062 ± 0.003 
 
 
 

0.032 ± 0.004 
 
 
 

0.079 ± 0.005 

 
0.481 

 
 
 

2.664 
 
 
 

0.302 
 
 
 

1.668 

 

It is worthwhile to compare the ionic inclusions in UAD crystals grown in artificial urine 

solutions to those grown in salt solutions of varying concentration. Zellelow et al.6 doped UAD 

crystals with Na+
, K

+, Ca2+, and Mg2+ using salt concentration ranging from 0.02 to 0.12 M. The 

morphologies of these doped crystals (UAD-salt) are similar to those grown from pure aqueous 

solutions.  The concentrations of Na+, K+, and Mg2+ dopant included in the matrix were found to 

be 14-33 Na+, 5-10 K+, and 13-19 Mg2+ for every 104 uric acid molecules.  In these systems, the 

amount of dopant included generally increased with solution concentration. Direct comparison of 

dopant levels in UAD-urine and UAD-salt solutions have some caveats. Ionic inclusions in 

UAD-salt crystals are ~3 orders of magnitude higher than the UAD-urine crystals. However, the 

UAD-salt growth solutions contained much higher initial salt concentrations than those in the 



83 
 

UAD-urine experiments. UAD-urine crystals also include multiple types of cations 

simultaneously.  

In addition to differences in ionic inclusion behavior, a comparison can also be made between 

the dehydration temperatures observed in UAD-urine crystals and previous work14 on UAD-salt 

crystals doped with Na+, K+, and Mg2+ ions. UAD-salt crystals were obtained from growth in 

aqueous solutions with 0.02-0.12 M single salt concentrations. The majority of the UAD-salt 

samples showed little change in the dehydration temperature compared to pure UAD, although a 

modest increase in the dehydration temperature (90-91o C) was exhibited in some samples grown 

from KCl, MgCl2 and MgSO4 solutions.14 Interestingly, dehydration of the largest size range 

UAD-urine crystals showed a dehydration temperature of ~10° higher than that for pure UAD or 

UAD-salt. We hypothesize that this is likely due to either particle size effects and/or the 

cooperative inclusion of multiple types of cations in the UAD crystal matrix.  

3.3.6 Scanning Emission Microscopy-Energy Dispersive Spectroscopy 

Uric acid dihydrate was mounted onto a 12 mm double stick carbon circles (M.E. Taylor 

Engineering, Inc.) attached to an aluminum SEM mounting stub (M.E. Taylor Engineering, Inc.). 

An Oxford Instruments energy dispersive X-ray spectrometer attached to a Zeiss Supra™ 55VP 

Scan Electron Microscope operated at 20 kV was used to analyze metal ion content in uric acid 

dihydrate.  

SEM photographs in Figure 3.12 revealed that UAD undergo partial dehydration to UA under 

the application of heat and vacuum, and hence the observed cracking of UAD crystal in Figure 

3.12c.  No Mg2+ was evident on any of the crystals examined, though atomic percent of up to 
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0.06 % Na and 0.04% K were detected. The absence of Mg2+ is likely due to the detection limits 

of the instrument. This is consistent with the noticeably lower Mg2+ concentrations observed 

(relative to K+ and Na+) in the AAS experiments as well. 

 

(a)                                                       (b)

(c)                                                       (d)

(a)                                                       (b)

(c)                                                       (d)

 

Figure 3.12. SEM micrograph of UAD crystals grown from artificial urine. (a) UAD-
urine25°C

pH4; (b) UAD-urine25°C
pH5;  (c) UAD-urine37°C

pH4; (d) UAD-urine37°C
pH5. 

Scale bar for a and b = 100 µm, for c and d = 400 µm. 
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3.4  Conclusions 

UAD crystals were grown in solutions of different composition. The morphology, size, 

impurity and thermal stability of UAD crystals grown from various solutions show some 

similarities and differences.  In general, UAD deposit as clear, colorless, rectangular plates from 

all solutions. Crystals from distilled water are typically 100-300 µm with a slight elongation 

along the a axis. UAD grown from artificial urine solution are elongated along the a axis 

resulting in a needle-like morphology with an aspect ratio sometimes as high as 40:1 (a:b). The 

large faces of these crystals are not new but their relative sizes vary.  

Inorganic impurities in the growth solution such as Na+, K+, and Mg2+ are included into UAD 

crystals. Artificial urine-grown UAD crystals seem to include more monovalent cations  than 

divalent cations, and greater amounts of cation inclusion are found in higher pH solutions. 

Inclusion of these dopants alters the dehydration temperature of the crystals. The inclusion of 

Na+, K+ and Mg2+ ions along with urate seem to impart additional thermal stability to the UAD 

crystals, presumably because it replaces H-bonding interactions with stronger electrostatic 

interactions which must be overcome to effect dehydration. 

Crystal growth in artificial urine has been adapted in various studies of crystallization of 

materials responsible for kidney stone formation. Urine is a complex mixture composed of a 

wide variety of ionic salts, organic compounds, and macromolecules. We used model urine 

solution composed mostly of inorganic salts that closely mimic human urine. Understandably, 

the physio-chemical characteristics of urine may be quite different from the synthetic inorganic 



86 
 

solutions. Uric acid precipitated in vivo contain many other types of impurities15, 16 which may 

also serve to alter their physical properties relative to laboratory grown samples.  
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CHAPTER 4 SOLUTION-MEDIATED PHASE TRANSFORMATIONS OF URIC ACID 

DIHYDRATE  

 
 
 

4.1 Introduction 

Uric acid, a product of protein metabolism, is the most abundant organic component in human 

kidney stones. Different forms of uric acid occur under physiological conditions, including 

anhydrous uric acid (UA)1, uric acid monohydrate (UAM)2, uric acid dihydrate (UAD)1, and 

various salts such as monosodium urate monohydrate (MSU)3. Previous work by Zellelow et al.4 

have shown that UAD (Figure 4.1) is metastable and readily dehydrates to UA in air. 

Compositional analysis of kidney stones revealed that when UAD is present, it is generally found 

associated with the anhydrous phase.1 This suggests that phase transformation may also occur 

under physiologic deposition conditions. The purpose of this work is to assess the kinetics of this 

transformation under model solution conditions. In Chapter 5, the effect of impurities on the 

phase transformation is investigated.  
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Figure 4.1. Molecular structure and typical plate-like morphology of uric acid dihydrate 
grown from distilled water. Scale bar = 100 µm. 

Several structural determinations of UAD have been reported in the past. The first complete 

crystal structure of UAD, determined from a human urinary sediment sample by Artioli et al.5 

assigned it to an orthorhombic space group Pnab (a = 7.409 (1), b = 17.549 (3), c = 6.332 (1) Å). 

The structure of a laboratory grown UAD crystal was later reported by Parkin and Hope as 

having a disordered monoclinic unit cell, with a P21/c space group and a = 7.237 (3) Å, b = 

6.363 (4) Å, c = 17.449 (11), Å, and =90.51 (1)°.6 Both structures are nearly identical 

topologically, though we refer to the latter cell parameters in our discussion. In this structure, 

hydrogen-bonded uric acid molecules form parallel ribbons in the ab plane and are separated by 

layers of water (Figure 4.2). Water molecules are hydrogen-bonded to both N2 and N4, and all 3 

oxygen atoms of the uric acid molecules. O1 and O3 form a single hydrogen bond (to either 

water depending on the disorder component), whereas O2 coordinates to both.  
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Figure 4.2. Crystal packing diagram of UAD as viewed along b constructed from fractional 
coordinates (refcode:ZZZPPI02).6 

The crystal structure of anhydrous uric acid (UA) is monoclinic with a P21/a space group and 

four molecules per unit cell. The unit cell dimensions are a = 14.464(3), b = 7.403(2), c = 

6.208(1) Å, and  = 65.10(5)°.7 Each layer in the bc plane consists of parallel ribbons of uric 

acid molecules hydrogen-bonded head-to-head (O2···H-N1: 1.826 Å, 175.0°) and tail-to-tail 

(O8···H-N7: 1.734 Å, 155.8°), with the ribbon plane perpendicular to the (100) surface and no 

hydrogen bonding between ribbons within a layer (Figure 4.3). The layers in UA are spaced 6.56 

Å apart with adjacent layers. 
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Figure 4.3. Crystal packing diagram of UA as viewed along c constructed from fractional 
coordinates (refcode: URICAC).7 

Previously, Zellelow et al.4 reported a detailed mechanistic and kinetic study of the UAD to 

UA phase transformation in air. This current work investigates the phase transformation in 

solution. Though both pathways lead to the same end product, the mechanisms are 

fundamentally different. In the former, UAD dehydration occurs by the escape of water 

molecules and the subsequent rearrangement of uric acid molecules to form polycrystalline UA 

and a new hydrogen bonding network. In the latter, UAD transformation is solution-mediated 

where the metastable UAD undergoes dissolution, and subsequent growth yields the stable UA. 

The specific objective of the present study was to investigate the transformation of UAD to UA 

as a function of pH, particle size and time, in both aqueous and model urine solutions.  
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The solution-mediated transformation of UAD to UA is potentially important because many 

uric acid phases appear in kidney stones, with UA typically in the highest abundance. At issue is 

whether UA directly precipitates from solution, or if it can result from the transformation of 

metastable crystalline intermediates on a timescale appropriate for kidney stone formation. This 

study seeks to explore the feasibility of the two-step dissolution-recrystallization model by 

looking at the transformation process in both model aqueous solutions with known ionic 

strengths and pH as well as model urine solutions. Phase transformation from dihydrate to 

anhydrous uric acid was carried out in different solutions monitored with offline analysis 

techniques including optical microscopy, powder X-ray diffraction (PXRD), and 

thermogravimetry (TGA). 

4.1.1 Solution-Mediated Transformation Theory 

The mechanism for a solution-mediated transformation of a metastable form to a stable form 

involves three processes: (a) dissolution of the metastable form, (b) nucleation of the stable form, 

and (c) crystal growth.8-10 This transformation is driven by the solubility difference between the 

metastable form and stable form. The overall kinetics depend on the rate-limiting steps, which 

can be either dissolution or growth.8  

A solvent-mediated transformation can be described by considering a phase diagram of 

temperature against concentration for a monotropic system as shown in Figure 4.4.8, 10  The blue 

curve is the stable phase and the red curve is the metastable phase. The metastable phase has a 

higher solubility than the stable phase. A solution with concentration xi at a certain temperature 

is supersaturated with respect to both forms. According to Ostwald’s Rule of Stages,11 the 

metastable phase precipitates first which results in a drop of solution composition to the 
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solubility of the metastable phase, xI. At this point, while the metastable phase is the major solid 

appearing, some nuclei of the stable phase may also be present. As the stable crystals grow, the 

solution composition falls towards the solubility of the stable phase, xII, and becomes 

undersaturated with respect to the metastable phase. Metastable crystals dissolve affording a 

supply of solute molecules for the continuous growth of stable crystals. This dissolution-

crystallization process continues until all of metastable crystals have disappeared and the 

transformation is complete. 
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Figure 4.4. Typical solubility curves for two monotropic polymorphs as a function of 
temperature. The red curve is the metastable phase and the blue curve is the stable 
phase. Adapted from Cardew  and Davey.8  
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The general features of time dependence of supersaturation during a solvent-mediated 

transformation are illustrated in Figure 4.5.8, 10 The overall transformation process depends on 

the dissolution rates of the metastable phase and on the nucleation and growth rates of the stable 

phase. In a solvent-mediated transformation, the driving force for the growth of the stable phase 

is the supersaturation, which at the start is equivalent to S12. In a simplistic view of the kinetics, 

at some point in the transformation, the growth and dissolution rates of the two phases must be 

balanced.10 So as the transformation progresses, a supersaturation plateau, Sp, is reached in which 

the amount of material dissolving balances the amount of material needed for growth. Sp remains 

constant until all the metastable phase has dissolved and the supersaturation becomes zero due to 

growth of stable phase from solution. 
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Figure 4.5. General features of time dependence of supersaturation during a solvent-mediated 
transformation. Sp is the supersaturation ratio at the plateau. Adapted from Davey 
and Cardew.10  
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At issue is the behavior of UAD and UA in solution. As described in section 1.2.2, the 

solubility curves of temperature against solubility of UAD and UA show that UAD is more 

soluble than UA. For example at 37° C, the solubility of metastable UAD in aqueous solutions 

(0.63 mM) is about twice that of UA (0.31 mM), respectively (Figure 4.6).  
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Figure 4.6. Solubility of UAD (red curve) and UA (blue curve) as a function of temperature. 
Data based on Königsberger and Königsberger.12 

The aqueous solubilities of UAD and UA are independent of pH when pH ≤ 3. In solutions 

with an ionic strength range of 0.15 - 0.30 M, the solubility of uric acid is constant regardless of 

the nature and concentration of any inorganic components of urine, and/or the presence of 

organic substances like urea and creatine.13 The same solubility was cited in standard reference 

artificial urine.13 At higher solution pH, uric acid dissociates to an ionized urate form. To account 
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for the contribution of the urate form, the solubility of both UA and UAD are calculated using 

the following modified equation:  

 
(4.1)     

where [U]tot is the sum of the concentration of uric acid and urate in solution. The contribution of 

diurate is negligible in the pH range studied. The solubility of UAD and UA at 37° C as a 

function of pH is shown in Figure 4.7. 
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Figure 4.7. Solubility of UAD (red curve) and UA (blue curve) at 37°C as a function of pH. 
Data based on Königsberger and Königsberger.12  
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4.1.2 Previous Solution-Mediated Transformation Studies 

Phase transformations of hydrates and polymorphs have been studied in great detail.14-23 In 

pharmaceutical systems, understanding the phase transformation of active pharmaceutical 

ingredients (APIs) is very important because different polymorphs can differ in their solubility, 

dissolution rate, chemical/physical stability, and bioavailability.14, 21, 23 Factors such as 

temperature,17, 24 crystal size,9 solvent,9, 17, 25 seed crystals,26, 27, additives,22, 28, 29 and agitation9 

have been reported to influence the kinetics of phase transformation.   

Solvent-mediated phase transformation is a complex process. It involves mechanisms such as 

dissolution of metastable form, heterogeneous and secondary nucleation of the stable form, and 

growth of the stable form. Any of these mechanisms can be rate-limiting. Crystallization of the 

stable form as the rate-controlling step has been illustrated in systems such as the transformation 

of anhydrous carbamazepine to its stable hydrate17 and the polymorphic phase transition of 2,6-

dihydroxybenzoic acid.30 On the other hand, the polymorphic transformation of metastable β-

glycine to its stable α form is an example in which the dissolution rate of the metastable form is 

rate-limiting step.15 In another example, anhydrous theophylline crystals  can act as heterogenous 

substrates for the epitaxial growth of the more stable monohydrate phase.21  

Phase transformation studies have also been performed on other compounds that are found in 

kidney stones such as calcium oxalate31 and uric acid.32, 33 Calcium oxalate forms three hydrates, 

the thermodynamically stable monohydrate, and the metastable dihydrate and trihydrate. The 

transformation kinetics of these hydrates was studied in batch precipitation experiments.31  The 

distribution of hydrates in the initial stages of precipitation was found to be dependent on the 
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mixing process. Calcium oxalate dihydrate transformation into thermodynamically stable 

monohydrate appears to be a solution-mediated process.  

The phase transition of uric acid dihydrate was previously studied by Boistelle32 and Grases et 

al.33 Their qualitative investigation of the transformation of uric acid dihydrate to anhydrous uric 

acid in aqueous solutions was shown to be dependent on temperature and solution pH. During 

the transformation process, UAD crystals grow opaque and UA crystals were observed to grow 

epitaxially into the hydrate.32  In vitro studies by Grases et al.33 have shown that UAD 

precipitated from artificial urine at pH 5.5 transformed into anhydrous uric acid in two days, 

however, they did not quantify the composition of the suspensions that were sampled at select 

time intervals.  

To better understand the transformation of UAD in solution, we performed experiments in 

model aqueous solutions with controlled pH and ionic strengths as well as model urine solutions. 

The effect of seeding on the transformation kinetics was also investigated. The effect of 

impurities on the transformation process is described in Chapter 5. 

4.2  Experimental Methods and Materials 

4.2.1    Materials 

All chemical reagents were used as received and without further purification. Water was 

purified by passage through two Barnstead deionizing cartridges followed by distillation. Uric 

acid solutions of pH 4 were prepared from uric acid (>99%, Sigma), sodium acetate (99% EMD), 

and acetic acid (99.7%, EMD). McIlvaine buffers34 with controlled pH and ionic strength were 

prepared from C6H8O7·H2O (99.0%, EMD), Na2HPO4 (99.5%, Fisher), and KCl (99.0%, Sigma). 
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Artificial urine35 solution was prepared from Na2SO4 (99.9%, 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). 

4.2.2 Crystal Growth 

Crystals of UAD were grown by dissolving 180-200 mg of uric acid in 1 L boiling distilled 

water as described in section 1.2.3. The pH of the solution was buffered to 4.0 with sodium 

acetate and acetic acid and kept at 25° C for 48 hours. UAD crystals were vacuum-filtered 

through Whatman #1 filter paper and air-dried. Most crystals were ~100 µm rectangular plates 

with large (001) faces and smaller (102) and (011) side faces. 

4.2.3 Transformation Experiments 

UAD were used as grown without sieving or grinding. Approximately 20 mg of UAD was 

added to 24 glass bottles containing 50 mL of pH 4 McIlvaine buffer solutions (Ionic Strength, 

IS = 0.5 M). These suspensions were then placed in a 37° C water bath on the same day with a 

staggered start time. Every 6 hours, 3 bottles were removed from the water bath, the solid phase 

was vacuum-filtered through Whatman # 1 filter paper, washed with distilled water, air-dried and 

immediately subjected to TGA and PXRD analysis. The transformation of UAD was monitored 

for a period of 48 hours. Following the same procedure, the transformation of UAD was also 

performed in pH 5, 6, 6.2, 6.4, 6.6, 6.8, and 7 McIlvaine buffer solutions (IS = 0.5 M), as well as 

artificial urine solution. Artificial urine solution was prepared according to Isaacson (see section 

3.2.4).35 The effect of seeding on the transformation of UAD to UA in artificial urine solution 
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was also evaluated by adding 10% (w/w) anhydrous uric acid to the starting material. In another 

experiment, 20 mg UAD was added to 50 mL artificial urine solution saturated with uric acid 

and the UAD transformation was monitored for 48 hours.  

For comparison, the transformation of UAD to UA was monitored at room temperature (~25° 

C) for up to two weeks. The effect of stirring on the transformation was also studied. 

4.2.4 Optical Microscopy 

After a defined time interval, samples were removed from the 37° C water bath and the 

suspended solids were transferred to a glass microscope slide with a disposable Pasteur pipette. 

The morphology and size of the crystals were examined with an Olympus BX-50 polarized 

optical microscope fitted with a Nikon COOLPIX995 digital camera operated with 

krinnicam_v1-03 software (Nikon Corp.).  

4.2.5 Thermal Analysis 

Thermogravimetric analyses (TGA) were performed on a SDT Q600 TA instrument (New 

Castle, DE) as described in section 3.3.3.1. Samples removed from the water bath at defined time 

intervals were filtered and the solid was immediately subjected to TGA analysis. All experiments 

were conducted in triplicate using open 90 µL alumina pans (TA instruments) and heated from 

room temperature to 150° C at 10°C/min under a stream of nitrogen gas. A nitrogen flow rate of 

50 mL/min was used. All experimental curves were analyzed with TA’s Universal Analysis 

Software. The calculated weight loss of pure UAD dehydration is 17.65 %. The extent to which 

UAD was converted to UA was determined by the difference method. All measurements, 



102 
 

performed at least in triplicate, showed relatively low standard deviation. Figure 4.8 shows a 

typical TGA scan of UAD that was filtered from pH 6 McIlvaine buffer. 
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Figure 4.8. Sample TGA curve of the dehydration of UAD in pH 6 McIlvaine buffer at 18 
hours in a 37 °C water bath.   

4.2.6 Powder X-ray Diffraction 

Powder X-ray diffraction was performed using a Rigaku R-AXIS RAPID-S X-ray 

diffractometer under the following conditions: tube voltage of 40kV, tube current of 30 mA, and 

Cu K radiation. The samples were scanned in steps of 0.01° over a 2 range of 4° to 50° at a 

speed of 0.1°/sec with a total scan time of 60 min. Data analysis was performed using Jade 

v5.035 software (Material Data Inc.). As grinding of samples may contribute to the premature 
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dehydration of UAD, PXRD analyses were performed on unground samples. The transformation 

of UAD to UA was tracked by the appearance and disappearance of several characteristic 

diffraction lines in specific 2θ regions where there is little or no overlap between UAD and UA 

reflections. The calculated PXRD patterns of UAD and UA appears in Figure 4.9. Intense 

diffraction lines for UAD are (002), (011), (102), (004), (112), (210), and (21-1) while that for 

UA are (200), (001), (210), (11-1), (121), and (021). The 2 values for all reflections in UAD 

and UA are listed in Table 4.1.  
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Figure 4.9. Calculated PXRD patterns for UAD (red) and UA (blue). UAD based on 
coordinates from Reference 6 (refcode: ZZZPPI02), and UA from Reference 7 
(refcode: URICAC). 
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Table 4.1.     UAD and UA 2 values and their corresponding reflections.  

 
                   UAD                  UA 
 2  Reflections 2  Reflections 
10.045 (002) 13.374 (200) 
14.787 (011) 15.695 (001) 
15.998 (102) 17.915 (210) 
20.336 (004) 22.859 (11-1) 
21.345 (112) 27.096 (400) 
28.408 (210) 28.004 (121) 
28.711 (21-1) 28.812 (021) 
34.865 (024) 31.132 (12-1) 

  32.040 (312) 
  35.067 (421) 
 

4.3 Transformation of Uric Acid Dihydrate Crystals 

The solution-mediated transformation of UAD to UA was studied in both model aqueous 

solutions and model urine solution.  The effect of pH on the rate of transformation of the 

metastable UAD to the stable UA was measured at 37° and 25° C in McIlvaine buffer solutions 

of IS = 0.5 M.  To mimic physiological condition, the transformation of UAD to UA was also 

performed in artificial urine solution. Solid samples of the metastable form were added to 

various solutions and analyzed every 6 hours at 37° C or every 48 hours at 25° C. 

4.3.1 Transformation in Buffered Solutions at 37° C 

Figures 4.10 shows microscopic images of the transformation of UAD at 37° C in pH 4 

McIlvaine buffer (IS = 0.5 M). Complete transformation at this pH could be monitored in 6 hour 

intervals over a period of 48 hours. Crystals transformed to anhydrous uric acid over time. 

Mostly UAD was present 6 hours into the transformation, though the edges of the crystals appear 
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rougher than at T = 0. The micrographs at 12-36 hours showed a mixture of clear and opaque 

UAD crystals as well as the newly formed small UA. Closer examination of the micrograph at 18 

hours revealed epitaxial nucleation of UA (red circle) on the surface of metastable UAD. This 

heterogeneous nucleation was in accordance with previous reports.32, 36 As the growth of the 

anhydrous phase continued, UAD was consumed as shown by the smooth UA crystals observed 

at 42 to 48 hours. Similar trends were observed at pH 5 as shown by the photomicrographs in 

Figure 4.11. The color, size, and shape of the starting material and the end product may look 

similar, but in principle they can be differentiated by their distinct conoscopic interference 

patterns as described in section 1.2.6.  

 

Figure 4.10. Photomicrographs taken at different times during the phase transformation of 
UAD to UA in pH 4 McIlvaine buffer at 37° C. Scale bar = 100 µm. Red circle at 
18 h indicates the newly nucleated UA crystal. 
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Figure 4.11. Photomicrographs taken at different times during the phase transformation of 
UAD to UA in pH 5 McIlvaine buffer at 37° C. Scale bar = 100 µm. 

The phase composition of the samples was examined by PXRD. Since grinding UAD samples 

can contribute to their premature dehydration, PXRD analyses were performed on unground 

samples. This leads to some preferred orientations, but does not impact our qualitative analysis.   

PXRD patterns collected on crystals suspended in pH 4, 5, 6 McIlvaine solutions showed 

relatively similar behavior. In general, complete transformation of UAD to UA was observed in 

48 hours. No intense peaks other than those ascribable to UA or UAD phases were observed 

which suggests that the UAD to UA transformation involves no intermediate crystalline phases. 

These results were consistent with previous work by Ringertz,37 who asserted that UAD 

dehydration leads directly to polycrystalline UA. 

6 h 12 h 18 h

30 h 36 h 42 h 48 h 
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Figure 4.12. PXRD patterns of the transformation of UAD to UA in pH 4 McIlvaine buffer at 
37° C. 
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Figure 4.12 illustrates how diffraction data change with the sample composition over time 

when suspended in pH 4 McIlvaine buffer. The transformation of UAD was marked by the 

appearance and disappearance of several characteristic diffraction lines. The diffraction pattern at 

6 hours showed reflections corresponding mostly to UAD. Starting at 12 hours, distinct (200), 

(210), (11-1) UA reflections have emerged. The diffraction lines observed from 12-36 hours 

indicated the presence of both UAD and UA in the mixture. The decreased intensity and 

subsequent disappearance of UAD (002), (004), and (112) diffraction lines coincided with the 

appearance of strong UA (200), (210), and (11-1) reflections. By 42-48 hours, the only visible 

diffraction lines corresponded solely to UA indicating that the transformation was complete.  

Quantifying the extent of UAD transformation was accomplished by thermogravimetric 

analysis (TGA) of the solid phase after removal of the suspensions at determined time intervals. 

All measurements were performed at least in triplicate. The extent of conversion of UAD to UA 

in pH 4-6 McIlvaine solutions is summarized in Figure 4.13 with the standard deviation shown 

for each time point. It can be seen from the graph that, although the transformation times are 

slightly different, the shapes of the transformation profiles at the three pH investigated are quite 

similar.  
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Figure 4.13. Summary of the % conversion of UAD to UA as a function of time in McIlvaine 
buffer solutions; Blue curve = pH 4, Black curve = pH 5, Red curve = pH 6.  

As mentioned earlier, the solution-mediated phase transformation of UAD involves the 

dissolution of UAD followed by nucleation and growth of UA. UAD solubility increases with 

pH, so one might assume that the transformation of UAD should be faster as the solution pH is 

increased. Similar transformation rates are observed up to 24 hours at pH 4, 5, and 6. At pH 4 

and 5, a fast acceleration and leveling off are observed showing a ~97 % conversion of UAD to 

UA at 36 hours. At pH 6, the transformation rate is continuous and exhibited a 75 % conversion 

at 36 hours.  
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Recall that the pKa of uric acid is 5.5. At pH = 6, a majority of uric acid molecules in solution 

are ionized to urate, as indicated in the uric acid-urate equilibrium discussed in section 1.2.1. 

Sodium urate salts can in principle form in the transformation medium which is composed of 

citric acid monohydrate and sodium biphosphate. However, there was no evidence for them in 

PXRD at pH 6. Monosodium urate monohydrate (MSU), in particular, is a stable monohydrate, 

though we also do not see this in the TGA (dehydration temperature =224o C).  

As we increased the solution pH to 6.8, a new concomitant phase was observed at 42-48 hours 

transformation time. Micrographs of the sample taken after 42 hours show a mixture of plate-like 

and needle-like crystals (Figure 4.14). The TGA curve for this mixture shows two dehydration 

steps. The first weight loss from 0-150° C corresponds to the expected transformation of UAD to 

UA. The second weight loss observed from 150° C to 300° C is characteristic of the dehydration 

of MSU. 

 

Figure 4.14. Photomicrograph of the transformation of UAD in pH 6.8 McIlvaine buffer at 37° 
C, taken after 42 hours. Scale bar = 100 µm. 
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A slight increase to pH 7 revealed a different behavior as shown in Figure 4.15. At 6-12 hours, 

the solid phase consists of UAD and UA. At 18 hours, only needle-like crystals are observed. 

These needle-like crystals are similar in appearance to those observed during the UAD 

transformation at pH 6.8 after 42 hours.  

 

Figure 4.15. Photomicrographs taken at different times during the phase transformation of 
UAD in pH 7 McIlvaine buffer at 37° C. Scale bar = 100 µm. 

Powder diffraction data for the transformation in pH 7 McIlvaine buffer was collected for 

samples in 6 hour intervals for up to 48 hours (Figure 4.16). The diffraction lines shown at 6-12 

hours correspond mostly to UAD. Starting at 18 hours, a new diffraction pattern corresponding 

to MSU appeared. The identity of MSU was also confirmed by thermal analysis of the sample. A 

weight loss of 9.33% corresponds to the dehydration of MSU (theoretical % dehydration = 

9.47%). The needle-like crystals produced in the transformation process are identical to the MSU 

crystals grown in uric acid solution with pH > 7.  
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Figure 4.16. PXRD patterns of the transformation of UAD in pH 7 McIlvaine buffer at 37° C. 
Scale bar on the micrographs is 100 µm.  

4.3.2 Transformation in Buffered Solutions at Room Temperature (~ 25° C) 

UAD transformation in room temperature buffer solutions was conducted to determine the 

transformation rates at low temperature. A suspension of 20 mg UAD was placed into 100 mL of 
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the buffer solution and the solid composition was monitored every 2 days for up to 12 days.  The 

transformation of UAD at room temperature is significantly slower than at 37o C (Figure 4.17). 

For example, we observed only about 11.63 % and 18.93 % conversion of UAD to UA at pH 4 

and 5, respectively, after 8 days. In a stirred solution, the transformation rate occurred twice as 

fast. This transformation rate is faster than the UAD to UA dehydration in air studied at 33%-

75% relative humidity.   

Day 2 Day 2

Day 8 Day 8

pH 4                                   pH 5            

Day 2 Day 2

Day 8 Day 8

pH 4                                   pH 5            

 

Figure 4.17. Photomicrographs of the transformation of UAD in pH 4 and 5 McIlvaine buffer 
at 25° C. Scale bar = 100 µm. 
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4.3.3 Transformation in Artificial Urine Solution at 37° C 

To more closely mimic UAD under physiological conditions, the transformation of UAD was 

studied in artificial urine solution at pH ~5. Grases et al.33 studied the transformation of UAD to 

UA, however, they did not quantify the composition of the suspensions that were sampled at 

select time intervals.  

The optical micrographs in Figure 4.18 followed the transformation of UAD in artificial urine 

every 6 hours. Smooth and tiny crystalline materials are apparent in solution for 30 hours. Unlike 

the crystals grown in low pH McIlvaine solutions, these crystals in artificial urine have less well 

defined faces.  

 

 

Figure 4.18. Photomicrographs taken at different times during the phase transformation of 
UAD to UA in artificial urine at 37° C. Scale bar = 100 µm. 
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PXRD data collected every 6 hours in artificial urine are shown in Figure 4.19. All diffraction 

patterns at 6-24 hours show the presence of both UAD and UA. The transformation process was 

followed until complete dissolution of UAD was observed, that is, until the complete 

disappearance of reflections related to UAD. Complete transformation of UAD to UA occurred 

at 30 hours. There are no reflections that would otherwise indicate intermediate crystalline 

phases. This observation was similar to the direct transformation of UAD to UA in McIlvaine 

buffer at low pH as described in section 4.3.1. 

The distinctly different PXRD patterns of UAD and UA can in principle be used to 

quantitatively determine the phase transformation rate of UAD to UA. We attempted to quantify 

the UA:UAD ratios at each time interval using select PXRD reflections in the data shown in 

Figure 4.19 and the following equation: 

 

(4.2) 

 

where XUA is the mass fraction of UA, AUA is the total area of the peaks at 2 = 13.4o and 17.9o, 

and AUAD is the total area of the peaks at 2 = 10.04o and 21.3o. A plot of the mass fraction 

changes of UAD and UA with time during the transformation of UAD in artificial urine solution 

at 37o C appears in Figure 4.20. 

XUA=

AUADAUA +

AUA
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Figure 4.19. PXRD patterns of the transformation of UAD to UA in artificial urine solution at 
37° C, pH ~5. 
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Figure 4.20 Mass fraction changes of UAD (red) and UA (blue) with time during the 
transformation of UAD in artificial urine solution at 37o C determined from 
PXRD data (solid lines) and TGA data (dashed lines).  

As previously mentioned, PXRD data was collected on unground samples as grinding can 

contribute to the premature dehydration of UAD. Both UAD and UA exhibit plate-like 

morphology and the presence of some preferred orientations can affect the accuracy of the 

quantitative analysis. Nevertheless, we attempted to quantify the UA/UAD composition from 

integrating the area under select reflections, following a method described previously.38 In Figure 

4.20, the mass percent of UA (blue solid line) at 6, 12, 18, and 24 hours correspond to 4.5%, 15 

%, 32 %, and 67%, respectively.  

As discussed in section 4.3.1, TGA was the preferred method to more accurately quantify the 

extent of the transformation of UAD. Since only UAD and UA are present, we quantify each 

UA 

UAD 
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component by the difference method. The % composition obtained by TGA appears as dashed 

lines in Figure 4.20. A consistently lower % UA in the PXRD data than was observed at 6-24 

hours may be attributed to diminished /suppressed intensities of some diffraction peaks due to 

the issue of preferred orientations exhibited by the unground plate-like samples.   

The effect of seeding on the transformation of UAD to UA in artificial urine solution was also 

studied by adding 10% (w/w) of anhydrous uric acid to the starting material. In a different set of 

experiment, artificial urine solution saturated with uric acid was prepared to which UAD crystals 

were suspended and the transformation was monitored for 48 hours. Optical micrographs for 

both of these sets of experiments are similar to the photomicrographs shown in Figure 4.18.  

A plot of time versus the conversion of UAD to UA in artificial urine solution both with and 

without seeding at 37° C appears in Figure 4.21. The transformation of UAD suspended in 

artificial urine solution (black curve) starts slow with a ~9% conversion at 6 hours, then a rapid 

increase to ~50% at 18 hours and complete transformation at 30 hours. The complete 

transformation at 30 hours was also supported by the PXRD data shown in Figure 4.19. In 

experiments where 10% (w/w) uric acid was added as seed material (blue curve), a two-fold 

increase of the transformation was observed at 6 hours. The presence of UA seed crystals 

eliminates the need to nucleate UA. It has been reported in the past that seeds in polymorphic 

transformation acts as catalyst during the nucleation process.22 While an increase in % 

conversion is observed at the beginning of the transformation process, complete transformation 

of the UAD in the seeded experiment occurred at 30 hours, similar to the results observed in 

unseeded experiments. The third set of data in Figure 4.21 refers to the transformation of UAD 

crystals suspended in artificial urine solution saturated with uric acid (red curve).  Since the 
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solution is already saturated with uric acid, UAD does not dissolve as readily compared to other 

experiments. However, as stable UA nucleate and grow, solute is consumed and the dissolution 

of UAD crystals proceeds until a steady state is reached and only UA is observed. In artificial 

urine saturated with uric acid, the complete transformation required 48 hours.   
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Figure 4.21 Transformation of UAD in artificial urine solution at 37° C. (Blue) UAD seeded 
with 10% (w/w) UA in artificial urine solution; (Black) UAD in artificial urine 
solution; (Red) UAD in artificial urine solution saturated with uric acid.  

4.4 Conclusions 

The solution-mediated transformation of metastable UAD into thermodynamically stable UA 

has been studied in the systems in which the transformation was initiated by suspending UAD 

crystals into model aqueous solutions and model urine solution. UAD dissolution creates 
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supersaturation for the crystallization of the stable UA. On formation of the nuclei of UA, the 

UAD transform into UA via dissolution and crystal growth process. The combined dissolution 

and growth processes continue until all the metastable UAD has dissolved and the system 

reaches its thermodynamically stable state, when the stable UA is the only phase present in the 

final suspension. 

Monitoring and quantifying the transformation of metastable UAD to stable UA is a complex 

process since during the course of the transformation, the solution composition continually 

changes. Added to the complexity is the ability of UA to dissociate into urate at higher pH. The 

transformation of UAD to UA depends on the rate of dissolution of the metastable form, and the 

rates of nucleation and growth of the stable phase, all of which are sensitive to solution 

conditions such as pH, solution composition, presence of seed crystals, and temperature. UAD 

transforms faster in artificial urine solution than in McIlvaine solutions of low pH.  UAD 

transforms directly to UA at low pH, suggesting that the transformation involves no intermediate 

crystalline phases. At high solution pH ( pH 6.8) where uric acid can ionize to urate, the process 

may involve transformation from UAD to UA then to MSU or it can be UAD to MSU directly.  
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CHAPTER 5 EFFECTS OF ADDITIVES ON SOLUTION-MEDIATED PHASE 

TRANSFORMATION OF URIC ACID DIHYDRATE 

 
 

 
5.1 Introduction 

The transformation of synthetic UAD in model aqueous solutions with known ionic strengths 

and pH, as well as in model urine solution was described in Chapter 4. UAD transforms to UA 

via a 2-step process - metastable UAD dissolution followed by nucleation and growth of the 

stable UA. The transformation of UAD in solution at 37o C occurs within 48 hours and is faster 

than at 25o C. UAD to UA transformation in solution (either 37o C or 25o C) is faster than the 

UAD dehydration in air at 25o C studied at 33%-75% relative humidity.1  

Synthetic UAD crystals are clear, colorless rectangular plates. Natural crystals are typically 

colored due to trapped pigments of biological origin and can have more unusual shapes.2, 3 There 

are also several casual references in the literature to differences in the stability of natural and 

synthetic UAD, with the former being more resistant to spontaneous dehydration in air. This 

prompted us to grow UAD in the presence of molecular dyes and physiologically relevant ions. 
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A number of papers have reported on the inclusion behavior in uric acid crystals.4-8 Herein we 

investigate how impurity inclusion affects the transformation of UAD.  

The use of natural and synthetic dyes in the study of uric acid crystal growth in vitro was 

reported by Gaubert9 in the 1930s and Kleeberg10-13 in the 1970s. These early studies showed 

that dye molecules can be trapped in uric acid host crystals, though the effect of concentration 

and specificity of inclusion was not examined. In more recent work, the growth of UA and UAD 

phases in the presence of select dye probes was examined in detail.4-8  Cationic and neutral dye 

additives were incorporated within the UAD and UA matrixes, though no detectable inclusion of 

anionic dyes were observed. Cationic Chrysoidin G (CG) and Bismarck Brown Y (BBY) were 

among the dye probes that can be included in both UA and UAD crystals (Figure 5.1). 

Physiologically relevant inorganic ions can also be included in the UA and UAD matrixes.7, 8, 14 

Herein we investigate the effect of these impurities on the transformation kinetics of metastable 

UAD to the thermodynamically stable UA in model aqueous solutions and model urine solution.  
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Figure 5.1. Molecular structures of Chrysoidin G (CG) and Bismarck Brown Y (BBY).  
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Impurities or additives are known to influence the phase transformation of many organic 

crystals15-21 and inorganic crystals.22, 23  Mohan et al.16 described the effect of additives such as 

ammonium sulfate on the phase transformation of anhydrous L-phenylalanine into its 

monohydrate form. Ammonium sulfate lowers the solubility of anhydrous L-phenylalanine 

which inhibits its transformation to the more stable monohydrate.  Yang et al.17 reported the 

nucleation and polymorphic transformation of α-glycine to γ-glycine was promoted by the 

presence of NaCl. Further, the transformation rate was significantly accelerated with increasing 

ionic strength. In a different study, the solvent-mediated phase transformation of anhydrous to 

hydrated carbamazepine was inhibited by hydroxymethylcellulose19 and accelerated by sodium 

lauryl sulfate.24  

The effect of additives on phase transformation studies have also been performed on calcium 

oxalate dihydrate (COD), a known component of kidney stones.22, 23  Amino acids such as 

histidine, serine, and tryptophan were reported to affect the transformation kinetics of COD to 

calcium oxalate monohydrate.22 The slight inhibitory effect of histidine was thought to be due to 

the possible incorporation of histidine into COD crystals, which in turn, retards the dissolution 

process of COD. In another study, surfactants such as anionic sodium dodecyl sulfate and 

cationic dodecylammonium chloride both inhibited the phase transformation of COD.23 In this 

chapter, the effects of additives on the solution-mediated phase transformation of UAD are 

described. 
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5.2   Experimental Methods and Materials 

5.2.1 Materials 

Water was purified by passage through two Barnstead deionizing cartridges (Barnstead 

International, USA) followed by distillation. Uric acid (>99%, Sigma) was used without further 

purification. Dyes were purchased from Aldrich [CAS #] and of the highest purity available: 

Bismarck Brown Y (BBY) [10114-58-6] 53% and Chrysoidin G (CG) [532-82-1] 90%. 

Compounds used to prepare artificial urine25 solution were purchased from several vendors and 

used as received. From Aldrich: Na2SO4 (99.9%), KCl (99.0%); EM Science: NH4Cl (99.8%), 

NaCl (99%), MgSO4·7H2O (98-102%); Fisher Scientific: Na2HPO4 (99.5%), Na2HPO4·H2O 

(99.1%), Na3C6H5O7·2H2O (Certified), and Urea (Certified). McIlvaine buffers26 with controlled 

pH and ionic strength were prepared from C6H8O7·H2O (99.0%, EMD), Na2HPO4 (99.5%, 

Fisher), and KCl (99.0%, Sigma). 

5.2.2 Crystal Growth  

Pure UAD crystals (UAD25°C
pH4) were prepared as described in section 1.2.3. UAD crystals 

were also grown from artificial urine (UAD-urine) at different temperatures and pH as described 

in section 3.2.4. At high supersaturation (4.5 mM), UAD could be directly precipitated from 

artificial urine solution at either room temperature (~25° C) or physiologic temperature (37° C). 

Determination of the level of inorganic impurities included in UAD crystals grown this way was 

described in section 3.3.5.  For clarity, we use the nomenclature UAD-urineT
pH to denote the 

temperature and pH of the growth solutions.                         
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UAD with dye inclusions (UAD-dye) were prepared from supersaturated uric acid solutions 

(1.0 mM) which were cooled to near room temperature, after which dye powder was added to the 

growth solution to give a final [dye]sol’n = 0.5-200 µM.7 The pH of the growth solutions were 

4.45-4.56. After thorough mixing, the UAD-dye crystals were allowed to crystallize at room 

temperature (~25° C) in aluminum foil covered dishes by slow evaporation. All crystals were 

harvested for analysis after 2 days. For UAD-dye crystals, we use the nomenclature UAD-dyeT
c
 

where T refers to the temperature of the growth solution and c is the [dye]sol’n and not the amount 

of dye included in the UAD crystal matrix.  Table 5.1 lists all the UAD growth conditions and 

their respective nomenclature. 

Table 5.1.  Different UAD growth conditions and their respective nomenclature. 

Growth condition Nomenclature 
 
Distilled water, 25oC, pH 4 
 
Artificial urine, 25oC, pH 4  
 
Artificial urine, 25oC, pH 5 
 
Artificial urine, 37oC, pH 4 
 
Artificial urine, 37oC, pH 5 
 
Distilled water with [BBY] =5µM 
 
Distilled water with [BBY] =25µM 
 
Distilled water with [CG] =200µM 
 

 
UAD25°C

pH4  or pure UAD 
 
UAD-urine25°C

pH4 
 
UAD-urine25°C

pH5 
 
UAD-urine37°C

pH4 
 
UAD-urine37°C

pH5 
 
UAD-BBY25°C

(5µM) 
 
UAD-BBY25°C

(25µM) 
 
UAD-CG25°C

(200µM) 
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5.2.3 Optical Microscopy 

As described in section 4.2.4, all micrographs were taken using an Olympus BX-50 polarizing 

microscope fitted with a Nikon COOLPIX995 digital camera operated with krinnicam_v1-03 

software (Nikon Corp.).  

5.2.4 Transformation Experiments 

All samples were used as grown without sieving or grinding. Approximately 20 mg of      

UAD-urine25°C
pH4 was added to each of 24 glass bottles containing 50 mL of pH 5 McIlvaine 

buffer solution (IS = 0.5 M). These suspensions were then placed in a 37° C water bath on the 

same day with a staggered start time. Every 6 hours, 3 bottles were removed from the water bath, 

the solid phase was vacuum-filtered through Whatman # 1 filter paper, washed with distilled 

water, air-dried and immediately subjected to TGA and PXRD analysis. The transformation of 

UAD-urine25°C
pH4 was monitored for a period of 48 hours. The transformation of UAD-

urine25°C
pH5, UAD-urine37°C

pH4, and UAD-urine37°C
pH5 were also monitored following the same 

procedure. In a parallel experiment, the transformation of the different UAD-urine crystals was 

performed in artificial urine solution (IS = ~0.5 M) at 37o C. 

Following the same procedure above, the transformation of UAD-CG25°C
(200 µM), UAD-

BBY25°C
(5µM), and UAD-BBY25°C

(25µM)  were performed in artificial urine solution (IS = ~0.5M) 

at 37o C. For comparison, the transformation of UAD25°C
pH4 in artificial urine (described in 

Chapter 4) and artificial urine solutions containing [dye]sol’n
 = 0.5-200 µM were also monitored. 

All transformation experiments are tabulated in Table 5.2. 
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Table 5.2.   UAD transformation experiments in different solutions.  

 
 

Crystal 
pH 5 
McIlvaine 
buffer 

pH  ~5 
Artificial 
urine 

pH~5 
Artificial  
urine + 
200µM CG 

pH ~5 
Artificial  
urine + 
5µM BBY 

pH ~5 
Artificial  
urine + 
25µM BBY 

 
UAD25°C

pH4
  

 
UAD-urine25°C

pH4
  

 
UAD-urine25°C

pH5
  

 

UAD-urine37°C
pH4 

 
UAD-urine37°C

pH5 

 
UAD-CG25°C

 (200 µM) 
 
UAD-BBY25°C

 (5 µM) 
 

UAD- BBY25°C
 (25µM) 

 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
 

5.2.5 Thermal Analysis 

Thermogravimetric analyses (TGA) were performed on a SDT Q600 TA instrument (New 

Castle, DE) as described in 4.2.5. All experimental curves were analyzed with TA’s Universal 

Analysis Software. The theoretical weight loss of UAD is 17.65%. The extent to which doped-

UAD was converted to UA was determined by the difference method. All measurements were 

performed at least in triplicate and showed relatively low standard deviation.  
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5.2.6 Powder X-ray Diffraction 

The transformation of doped UAD was qualitatively monitored by powder X-ray diffraction 

using a Rigaku R-AXIS RAPID-S X-ray diffractometer as described in section 4.2.6.  As 

grinding of samples may contribute to the premature dehydration of doped-UAD, PXRD 

analyses were performed on unground the samples. The transformation was marked by the 

appearance and disappearance of several characteristic diffraction lines corresponding to UAD 

and UA.  

5.3   Crystal Growth of Doped-Uric Acid Dihydrate Crystals 

The morphology and size of UAD crystals was dependent on the growth condition. Crystals 

grown from artificial urine solution were mostly needle-like, elongated plates and agglomerates 

of plate-like crystals as shown in Figure 5.2. The altered habits are a consequence of electrostatic 

interactions between components in the solution and the various growing crystal faces. It is well 

established that additives influence the growth shape of crystals.27-29  
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(a)                                                      (b)

(c)                                                     (d)

(a)                                                      (b)

(c)                                                     (d)

 

Figure 5.2. Photomicrographs of UAD grown from artificial urine solution.  
(a)  UAD-urine25°C

pH4, (b) UAD-urine37°C
pH4, (c) UAD-urine25°C

pH5, 
(d)  UAD-urine37°C

pH5. Scale bar = 100 µm.   
 

In comparison, photomicrographs of pure UAD (UAD25°C
pH4) and UAD grown in the presence 

of dyes (UAD-CG25°C
(200µM), UAD-BBY25°C

(5µM), UAD-BBY25°C
(25µM)) appear in Figure 5.3. 

Both CG and BBY are cationic dyes. UAD crystals were grown from aqueous solutions 

containing 200 µM CG and 5 µM or 25 µM BBY. The amount of dye included in the crystal is a 

small fraction of the total dye concentration in solution. From UV-Vis experiments, an average 

of 1-2 CG molecules were included per 104 UA molecules, while 2-42 BBY molecules were 

included per 104 UA molecules.7 CG and BBY were chosen as additives because their inclusion 

typically affected different growth sectors. An hour-glass inclusion was observed in UAD grown 

in the presence of CG. BBY was included in all sectors of the crystal and also changed the 
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morphology; the extent of change depends on the [dye]sol’n. As the concentration is increased, the 

entire crystal became darkly colored and the morphology approached a diamond shape. 

 The morphology of UAD-dye crystals showed some similarities and differences to the 

crystals grown in pure distilled water. Compared to pure UAD (Figure 5.3a), UAD-CG25°C
(200µM) 

(Figure 5.3.b) crystals  are  slightly longer along a than in b.  In UAD-BBY25°C
(5 µM)  and  UAD-

BBY25°C
(25 µM) (Figure 5.3.c-d), the b dimension is longer than a, and the {210} faces are more 

pronounced. An increase in [BBY]sol’n is accompanied by a relative increase in the size of the 

{210} faces.  

(210)(210)

(001)

(011)

(102)

a

b

(a)                                         (b)

(c)                                         (d)

(210)(210)

(001)

(011)

(102)

a

b

(a)                                         (b)

(c)                                         (d)

 

Figure 5.3. (a) UAD grown from distilled water and (b-d) UAD-dye crystals grown from 
various dye solutions. The [dye]soln were (b) 200 µM CG, (c) 5 µM BBY, and 
(d) 25 µM BBY. Scale bar=100 µm.   
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The orientation of CG and BBY additives inside UAD matrixes was difficult to establish. CG 

is conformationally flexible with two amino groups that can hydrogen bond with UA molecules. 

BBY is larger and is also conformationally flexible with rotational freedom about four single 

bonds (Figure 5.4). Low energy conformations can be calculated in the gas phase, but 

conformations can change to facilitate their incorporation into the crystals. Previous work 

suggested that included BBY spans two layers of a UAD crystal such that a single BBY 

molecule likely replaces at least 3 uric acid molecules and some water molecules.30  

H2N

NH2

N=N N=N

NH2

NH2
 

Figure 5. 4. Molecular structure of Bismarck Brown Y (BBY) indicating conformational 
freedom.  

5.4   Transformation of Ion-doped Uric Acid Dihydrate Crystals 

The solution-mediated transformation of UAD-urine crystals were studied in both pH 5 

McIlvaine buffer solution and model urine solution. Solid samples immersed in various solutions 

at 37° C were analyzed every 6 hours for a total of 48 hours. Four types of artificial urine-grown 

UAD crystals were analyzed. The transformations of these ion-doped UAD are discussed 

separately. 
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5.4.1 Transformation in pH 5 McIlvaine Buffer Solution at 37° C 

Figure 5.5 shows representative microscopic images of the transformation of different UAD-

urine crystals in pH 5 McIlvaine buffer at 37° C for 48 hours. The morphology of the crystals 

remained the same during the course of the transformation. The use of optical microscopy and 

conoscopy to differentiate between UAD and UA crystals proved to be challenging as conoscopy 

only works well with smooth and thick crystals. The smooth albeit small crystals indicated by the 

red circles are the newly nucleated UA crystals.  
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(a) 
 

6 h 18 h 36 h 
 

48 h 
     
 
 

(b) 
 

6 h 18 h 36 h 48h 
 

 
 

(c) 
 

6 h 18 h 36 h 
 

48 h 
     
 
 

(d) 
 

6 h 18 h 36 h 
 

48 h 
     

Figure 5.5. Photomicrographs of the transformation of UAD-urine in pH 5 McIlvaine buffer 
solution at 37° C. (a) UAD-urine37°C

pH4, (b) UAD-urine37°C
pH5, (c) UAD-

urine25°C
pH4, and (d) UAD-urine25°C

pH5. Scale bar = 100 µm. Red circles indicate 
the newly nucleated UA crystals. 

The phase composition of the samples that were removed from suspensions at defined time 

intervals was qualitatively examined by PXRD. Diffraction data of the transformation of UAD-

urine25°C
pH5 in pH 5 McIlvaine buffer at 37° C appear in Figure 5.6. These crystals are the 

smallest among the ion-doped UAD crystals and are the only ones that show complete 
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transformation within 48 hours in this solution. The diffraction patterns obtained at 6-24 hours 

show reflections attributed mostly to UAD. At 30-42 hours, distinct reflections of (200), (210), 

(11-1) corresponding to UA have emerged. The transformation appears to be complete by 48 

hours.  

5 10 15 20 25 30 35 40 45 50
2 theta  

Figure 5.6. PXRD of the transformation of UAD-urine25°C
pH5 in pH 5 McIlvaine buffer at 37 

° C.  
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The extent of the conversion of UAD-urine crystals to UA in pH 5 McIlvaine buffer at 37° C 

was determined by TGA and is summarized in Figure 5.7.  The transformation of UAD grown 

from distilled water, UAD25°C
pH4, (black curve, data from Chapter 4) is included in the graph for 

comparison. All UAD-urine crystals transform slower than UAD25°C
pH4.  
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Figure 5. 7. Summary of the conversion of UAD-urine to UA in pH 5 McIlvaine buffer at 37° 
C. (Red) UAD-urine25°C

pH5, (Brown) UAD-urine37°C
pH4, (Green) UAD-

urine37°C
pH5, (Blue) UAD-urine25°C

pH4.
 (Black) UAD25°C

pH4 is shown for 
comparison. 

UAD25°C
pH4 (black) transforms to UA in pH 5 McIlvaine buffer at 37o C in ~42 hours. The 

only UAD-urine sample to approach this transformation rate was UAD-urine25°C
pH5 (red). At 42 

hours, roughly ~90% of UAD was converted to UA. None of the other UAD-urine crystals 

transformed completely to UA within 48 hours. At 48 hours, UAD-urine37°C
pH4 (brown) and 
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UAD-urine37°C
pH5 (green) are only 33% and 29% transformed, respectively.  UAD-urine25°C

pH4 

(blue) is only 25% transformed at 48 hours.  

The observed transformation phenomena exhibited by UAD-urine crystals can be attributed to 

factors such as crystal size, solubility, and the presence of impurities in the crystals. The smallest 

UAD-urine crystals completely transformed to UA in 48 hours while the largest crystals 

transformed only by 25 %. However, size differences alone cannot explain this result. As 

described in section 3.3.5.3, varying concentrations of Na+, K+, and Mg2+ are included in UAD-

urine crystals depending on their initial growth conditions. For all the cations studied, higher 

dopant levels were observed at higher pH. Inclusions of ions in the UAD matrix seem to 

significantly lower the rate of the transformation process. The higher inclusion of cations in 

UAD-urine37°C
pH5 is therefore presumed to significantly lower the rate of the transformation 

process, which explains its conversion of only 29% within 48 hours.   

While we did not determine the solubility of UAD-urine crystals in pH 5 McIlvaine buffer, it 

is apparent that solubility is a factor in the transformation process. As mentioned, solution-

mediated phase transformation occurs in stages in which the metastable phase undergoes 

dissolution and subsequent nucleation and growth of the stable phase. Impurities or additives can 

alter the solubility of a crystal thereby affecting its dissolution rate.15 The UAD-urine crystals 

are hypothesized to be less soluble than the pure UAD in pH 5 McIlvaine buffer regardless of the 

crystal size. This is presumably due to the higher lattice energy of doped UAD which must 

exchange hydrogen-bonding interactions in the pure crystals for electrostatic interactions in the 

doped versions. A complete transformation of UAD-urine to UA is presumed to occur if the 

transformation is monitored for longer than 48 hours. A longer transformation time would likely 
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allow the dissolution and recrystallization process to continue until all the UAD-urine crystals 

are dissolved, and only the stable UA remains. 

5.4.2 Transformation in Artificial Urine Solution at 37° C 

Figure 5.8 shows microscopic images of the transformation of different UAD-urine crystals in 

artificial urine solution at 37° C for 48 hours. The morphology of the crystals remained the same 

during the course of the transformation. As discussed previously, microscopy and conoscopy 

cannot unambiguously differentiate between UAD and UA. The smooth albeit small crystals 

indicated by the red circles are surmised to be the newly nucleated UA crystals. UA crystals that 

are grown epitaxially on UAD surface are also evident at 36-48 hours into the transformation as 

depicted in Figure 5.8c. Qualitative examination of the phase composition of the solid phase by 

PXRD showed that only the UAD-urine25°C
pH5 completely transformed to UA within 48 hours. 

This result is similar to the transformation in pH 5 McIlvaine buffer discussed in section 5.4.1. 

Representative diffraction data of the transformation of UAD-urine25°C
pH5 in artificial urine at 

37° C are presented in Figure 5.9. 
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Figure 5.8. Photomicrographs of the transformation of UAD-urine in artificial urine solution 
at 37° C. (a) UAD-urine37°C

pH4, (b) UAD-urine37°C
pH5, (c) UAD-urine25°C

pH4, and 
(d) UAD-urine25°C

pH5. Scale bar = 100 µm. Red circles indicate the newly 
nucleated UA crystals. 
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Figure 5.9. PXRD of the transformation of UAD-urine25°C
pH5 in artificial urine at 37° C.  
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The % conversion of the UAD-urine crystals to UA in artificial urine at 37° C was determined 

by TGA and is summarized in Figure 5.10.  The transformation of UAD grown from distilled 

water, UAD25°C
pH4, (black curve, data from Chapter 4) is included in the graph for comparison. 

All UAD-urine crystals transform slower than UAD grown from distilled water. Notably, the 

trends are similar to what was observed in McIlvaine buffer (Figure 5.7). 
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Figure 5. 10. Summary of the conversion of UAD-urine in artificial urine solution at 37° C. 
(Red) UAD-urine25°C

pH5, (Brown) UAD-urine37°C
pH4, (Green) UAD-urine37°C

pH5, 
(Blue) UAD-urine25°C

pH4.
 (Black) UAD25°C

pH4 is shown for comparison. 

UAD-urine25°C
pH5 (red curve) was the only sample that completely transformed within 48 

hours. The % conversion at 30 hours was 15 % lower than that observed for UAD25°C
pH4. After 

48 hours, UAD-urine37°C
pH4 (brown curve) and UAD-urine37°C

pH5 (green curve) shows 
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comparable conversion of 61% and 56% at 48 hours, respectively.  Only 14 % UAD-

urine25°C
pH4 (blue curve) was transformed after 48 hours.  

While only the smallest UAD-urine crystals were completely transformed to UA in 48 hours, 

size differences alone cannot explain the transformation rates observed in this experiment. UAD 

crystals grown from distilled water and UAD-urine crystals are fundamentally different. Apart 

from morphological differences, inclusions of cations in UAD crystals significantly lower the 

rate of the transformation process.  

It is noteworthy to mention that UA can also include Na+, K+, Mg2+ impurities when grown 

from solutions containing up to 0.12 M salts.8 The resulting crystals showed inclusion levels of 

8-12 Na+, 5-13 K+, and 11-15 Mg2+ was found for every 104 uric acid molecules. This is higher 

than the levels seen in UAD-urine, but not unexpectedly so since the solution salt concentration 

was higher. Whether the starting UAD is doped or undoped, transformation in artificial urine 

should result in similar dopant levels in the final UA product.  

5.5  Transformation of Dye-doped Uric Acid Dihydrate Crystals 

The solution-mediated transformation of UAD-dye crystals was studied in artificial urine 

solution. The UAD:UA composition was analyzed every 6 hours for a total of 48 hours in 

artificial urine solution at 37° C. As described in section 5.3, the inclusion of dye molecules in 

the UAD host matrix was ~1-2 CG dyes and 2-42 BBY dyes per 104 uric acid molecules. Higher 

% dye dopant level is observed relative to the inorganic dopants in the last section.  
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5.5.1 UAD-Bismarck Brown Y Crystals 

Figure 5.11 follows the transformation of UAD-BBY in artificial urine solution at 37° C. 

Figures 5.11a and b correspond to the transformation of UAD crystals grown from solution with 

5 µM BBY and 25 µM BBY, respectively. Dopant loading in UAD crystals grown in the 

presence of BBY generally increased with increasing [BBY]sol’n, and ranged from 2-42 dye 

molecules per 104 uric acid molecules. BBY was included in all sectors of the crystal and also 

changed the morphology; the extent of change depends on the [dye]sol’n. As the concentration 

was increased, the entire crystal became darkly colored and the morphology approached a 

diamond shape. 

During the course of the transformation, UAD-BBY crystals in Figure 5.11a turned opaque (6-

30 h) and more transparent crystals presumed to be UA are formed at 42 hours. The final UA 

crystals appeared slightly colored, which we attribute to the incorporation of the dye released 

from the starting UAD-BBY material. In contrast, the UAD-BBY crystal morphology in Figure 

5.11b remains the same over the 42 hour time period.   

 

 

 

 

 



147 
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Figure 5. 11. Photomicrographs of the transformation of UAD-dye artificial urine solution at 
37° C. (a) UAD-BBY25°C

(5µM) and (b) UAD-BBY25°C
(25µM). Scale bar = 100 µm. 

The phase composition of UAD-BBY samples that were removed from suspensions at defined 

time intervals was examined by PXRD and TGA. TGA of the UAD-BBY25°C
(5µM) shows ~23% 

conversion to UA after 24 hours and essentially complete conversion to UA after 48 hours. In 

contrast, UAD-BBY25°C
(25µM) was only ~6% and ~7% at 24 hours and 48 hours, respectively. 

This is consistent with the diffraction data of the transformation UAD-BBY25°C
(25µM) presented in 

Figure 5.12. Throughout the transformation time of 48 hours, the diffraction patterns at 6-48 

hours show reflections corresponding mostly to UAD. Evidently, UAD with higher BBY 

inclusion hardly transformed to UA.  
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Figure 5. 12. Transformation of UAD-BBY25°C
(25µM) in artificial urine at 37° C.  
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5.5.2 UAD-Chrysoidin G Crystals 

The dopant level of CG molecules in UAD was independent of the [CG]sol’n over the range 

100-300 µM, with an average of 1-2 CG molecules included per 104 UA molecules.7 This dopant 

level is lower than in UAD-BBY. Figure 5.13 follows the transformation of UAD-CG25°C
(200 µM) 

in artificial urine solution at 37° C. UAD-CG25°C
(200µM) crystals undergo dissolution to produce 

supersaturation for the UA crystals to nucleate and grow. At 24 hours, UA crystals (indicated by 

red circle) start to nucleate on the surface of UAD. Smooth and tiny crystalline materials are 

continually produced after UAD-CG25°C
(200 µM) was in contact with the artificial urine solution 

for 48 hours. UA crystals that were produced at the end of the transformation were faintly 

colored which is attributed to the inclusion of CG molecules (released from UAD) in the UA 

formed. Previous work has shown that CG molecules can include in the UA crystal matrix, ~1-2 

dyes per 104 uric acid molecules when grown from solutions containing [CG]sol’n = 1-400 µM.8 
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Figure 5. 13. Photomicrographs of the transformation of UAD-CG in artificial urine solution at 
37° C. Scale bar = 100 µm. UA crystals are indicated by red circles. 
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5.5.3 Summary of the Dye-doped UAD Transformations in Artificial Urine 

A summary of the transformation of UAD-dye crystals in artificial urine at 37° C is shown in 

Figure 5.14. The transformation of UAD25°C
pH4 (black curve, data from Chapter 4) is included in 

the graph for comparison. All UAD-dyes samples transformed slower than UAD25°C
pH4. The rate 

of UAD-CG transformation was faster than in UAD-BBY. At 24 hours, over 50 % of UAD-

CG25°C
(200 µM)  had converted, while only 9-15 % UAD-BBY converted (red and blue curves). 

UAD-BBY25°C
(5µM)  (red curve) transformed much faster than UAD-BBY25°C

(25µM)  (blue curve). 

For example at 42 hours, UAD-BBY25°C
(5µM)  had converted 7x as much as UAD-BBY25°C

(25µM). 

It can be inferred that the presence of impurities/dopants in the crystal decreased the solubility of 

UAD, and therefore decreased the driving force of the solution-mediated transformation. We 

next examined the transformation of pure UAD (UAD25°C
pH4) in artificial urine containing dye to 

assess the extent to which these dopants affect the nucleation and growth of UA.  

The inhibitory effects of the presence of dye impurities in the UAD transformation are due to 

several factors including the molecular size, functionality and charge of the dye, its relative and 

absolute ability to include in the matrix of the crystal, and the associations between uric acid and 

dyes in solution. CG exhibited lower inclusion in the UAD crystal than BBY. It is therefore not 

surprising to observe lower inhibitory effect of CG than BBY. With UAD-BBY, the inhibitory 

effect of BBY on the transformation of UAD to UA increased as the dye inclusion in the crystals 

increases. The association of the released dyes during the transformation process with the 

growing UA is also a factor in the rate of the transformation of UAD-dye crystals. Previous work 

has shown that uric acid molecules interact with BBY8, 30 and CG8 in solution. Visible absorption 

spectra for UA-BBY show a max ranging from 469-479 nm. In aqueous BBY solutions, the max 
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is shifted to 465 nm. Similarly, the max of UA-CG is at 474-498 nm and is shifted to 453 nm in 

aqueous CG solutions.   
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Figure 5. 14. Summary of the conversion of UAD-dye in artificial urine solution at 37° C. 
(Purple) UAD-CG25°C

(200 µM), (Red) UAD-BBY25°C
(5 µM) , (Blue) UAD- BBY25°C

(25 

µM). (Black) The transformation of UAD25°C
pH4 is shown for comparison. 

5.6   Transformation of UAD in Artificial Urine Solution with Dyes 

The solution-mediated transformation of UAD25°C
pH4 crystals was studied in model urine 

solution containing molecular dyes. Solid samples of UAD25°C
pH4 in artificial urine solutions 

containing BBY or CG dyes at 37° C were analyzed every 6 hours for a total of 48 hours.   
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5.6.1 UAD in Artificial Urine with BBY  

The transformation of UAD25°C
pH4 in artificial urine containing BBY at 37° C is shown in 

Figure 5.15. The smooth albeit colored crystals seen at 30-42 hours indicates growth of UA 

crystals. The crystals appeared colored which is due to the inclusion of BBY dye molecules in 

the UA matrix. Previous work8 has shown the inclusion of BBY in UA matrix. About 0.5-20 

dyes per 104 uric acid molecules were included in the UA crystals when grown from aqueous 

solutions with [BBY]so’n = 2-50 µM.  The absorption spectroscopy on single crystals showed a 

max range indicative of multiple orientations and/or conformations of trapped dyes. 

 
 
(a) 

 

6 h 18h 30 h 42 h 
     
 
 
(b) 
 

6 h 18 h 30 h 42 h 
     

Figure 5. 15. Photomicrographs of the transformation of UAD25°C
pH4 in artificial urine 

containing (a) 5 µM BBY and (b) 25 µM BBY. Scale bar = 100 µm. 

Similar to other transformation experiments discussed previously, the phase composition of 

samples removed from suspensions at defined time interval was examined by PXRD and TGA. 

The diffraction data of the transformation of pure UAD in artificial urine solution with 25 µM 
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BBY appears in Figure 5.16. At 24 hours, only diffraction lines corresponding to UA were 

apparent, indicating complete conversion of UAD to UA. The rate of conversion was similar to 

that seen in model urine in the absence of dye (black curve, Figure 5.14). From this we conclude 

that the dye asserts a much greater effect on the dissolution of UAD than the growth of UA. 

5 10 15 20 25 30 35 40 45 50
2 theta  

Figure 5. 16. Transformation of UAD25°C
pH4 in artificial urine solution containing 25 µM BBY.  
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5.6.2 UAD in Artificial Urine with CG   

The transformation of UAD25°C
pH4 in artificial urine containing 200 µM CG at 37° C is shown 

in Figure 5.17. The disappearance of colorless UAD and appearance of colored UA crystals at 

30-48 hours illustrates the transformation. UA is known to include CG impurities, ~1-2 dyes per 

104 uric acid molecules when grown from [CG]sol’n = 1-400 µM.8  
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Figure 5. 17. Photomicrographs of the transformation of UAD25°C
pH4 in artificial urine 

containing 200 µM CG. Scale bar = 100 µm.  

5.6.3 Summary of the UAD Transformations in Artificial Urine With Dyes 

A summary of the transformation of UAD25°C
pH4 in artificial urine containing molecular dyes 

at 37° C is shown in Figure 5.18. The transformation of UAD25°C
pH4 in artificial urine solution 

free of dyes (black curve) is included in the graph for comparison.  
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Figure 5. 18. Summary of the conversion of UAD25°C
pH4 in artificial urine containing dyes at 

37° C. (Purple) artificial urine with 200 µM CG; (Red) artificial urine with 5 µM 
BBY; (Blue) artificial urine with 25 µM BBY. (Black) UAD25°C

pH4 in artificial 
urine solution without dyes is shown for comparison. 

The complete transformation of UAD25°C
pH4 in artificial urine containing BBY was slightly 

faster than in pure artificial urine or artificial urine containing CG. The rate was consistently 

faster in artificial urine with [BBY] = 25 µM solution. By 24 hours, 94-96 % UAD25°C
pH4 to UA 

conversion occured in both [BBY]sol’n compared to only 73% in artificial urine without dye. 

When [BBY]sol’n = 5 µM, the % conversion was actually lower than in artificial urine (no dyes) 

up until 18 hours, however fast conversion occurred in [BBY]so’n = 5 µM between 18 and 24 

hours. Complete conversion was observed at 30 hours which is similar to the transformation rate 
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of UAD25°C
pH4 in pure artificial urine solution. In artificial urine solution with [CG] = 200 µM, 

50 % conversion was observed at 24 hours and complete conversion by 42 hours.  This result 

suggests that the presence of molecular dyes in the transforming solution only modestly affects 

the UAD-UA transformation rate, presumably by changing the nucleation/growth rate of UA. 

Impurity loading in the initial UAD has a more pronounced effect on the transformation rates, 

presumably by changing the UAD solubility. This indicates that UAD dissolution is the rate 

determining step in the transformation.  

5.7  Conclusions 

Solution-mediated transformation of doped UAD has been studied in model aqueous solution 

and model urine solution. Trace amounts of impurities exerted significant effects on the 

dissolution of UAD and more modest effects on the subsequent nucleation and crystallization of 

UA.  

UAD doped with physiologically relevant cations transformed to UA slower than pure UAD. 

The change in the transformation rate is attributed to crystal size, solubility, different defect 

densities, and the presence of cations included in the crystal matrix. UAD doped with molecular 

dyes also showed reduction of the rate of UAD transformation relative to pure UAD. The 

inhibitory effects of impurities used in the UAD transformation studies reveal a complicated 

dependence on the exact nature and concentration of the impurities included in the UAD matrix. 

In UAD-CG crystals grown in solution with [CG] = 100-300 µM, only 1-2 dye molecules were 

included per 104 uric acid molecules.7 The inclusion of dyes seemed independent of the [CG]sol’n. 

In contrast, the included dye in UAD-BBY crystals grown in solution with [BBY] = 2-50µM 
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generally increased with solution concentration and were found to be 2-42 dye molecules per 104 

uric acid molecules.7 CG exhibited lower inclusion levels in UAD crystals than BBY. It is 

therefore not surprising to observe a lower inhibitory effect of CG than BBY on the 

transformation rate of UAD. Although the % impurity included in the UAD is important, the 

specific type of impurity seemingly has a more pronounced effect in the transformation kinetics 

of the doped UAD crystals. 

Our study on the transformation of synthetic UAD crystals in the presence of impurities has 

shown that organic molecules and physiologically relevant cations stabilize the UAD. This in 

vitro study provides insight into how UAD is stabilized in physiologic solution and how 

impurities can affect the transformation kinetics. 
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CHAPTER 6 CRYSTAL GROWTH AND CHARACTERIZATION OF CALCIUM 

URATE HEXAHYDRATE  

 
 

 
6.1 Introduction 

Uric acid is a weak diprotic acid with a pKa1 of 5.5.1 At pH values above 5.5, the majority of 

uric acid is ionized to urate by loss of a proton at the N3 position (Figure 6.1). In strong base, 

uric acid can lose a second proton at N9, though this species is not significant under normal 

physiological conditions.  
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Figure 6.1. Molecular structure of urate, C5H3N4O3. Atoms are numbered according to 
Fischer.2 
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In the presence of appropriate counterions, urate can crystallize as a salt. The most common 

salt is monosodium urate monohydrate (MSU), which plays a distinctive role in gout formation 

and is a minor phase found in kidney stones.3, 4 Ammonium acid urate is also found as a minor 

component in human kidney stones, but is a common stone components in renal deposits in 

domestic pets.4-6 Other analyses of stones have reported presence of calcium and potassium 

urates, or “complex urates” which are mixtures of Ca, K, Na.7 A number of trace elements have 

also been extracted from renal deposits which presumably can associate with urate in solution 

and may or may not crystallize as a salt. 

The interaction between uric acid anions and different mono and divalent cations has been the 

subject of theoretical calculations, 8, 9 but only limited structural data is available to support these 

calculations. The syntheses of various metal salts of uric acid have been attempted in the past 

decades,3, 10-20 however, the urate salts are often polycrystalline powder.  A recent search of the 

Cambridge Structural Database (CSD) version 5.3.3, (Nov 2011) for metal urate structures 

identified single crystal structures for the sodium (NAURAT), magnesium (BADTEX), and lead 

(DITKEX) salts. Two molecular complexes with guanidinium ions (XANDEV) and methylene 

blue (UGEXIN) were also found. Dubler et al.11 studied the complexes of Mg2+ and urate and 

they found two different polymorphs of Mg(C5H3N4O3)2·8H2O both containing  a hexahydrated 

cation [Mg(H2O)6]
2+,  urate anions, and two water molecules per formula unit. This structure is 

quite different from the previous ones since no direct coordination between the magnesium and 

urate ions is observed.  Both magnesium complexes are monoclinic P21/c space group. 

Monosodium urate monohydrate (MSU), crystallizes in a triclinic space group P-1 where sodium 

cation coordinates to the urate anion through short Na···O contacts (with all 3 O atoms 3.35-3.53 
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Å).3 The urate molecules are also hydrogen bonded to one another and to water molecules. In 

2008, Sattar et al. reported a crystal structure of a lead salt complex consisting of two urate 

molecules, a Pb2+ ion and a water molecule with a space group of P-1.19 In this complex, each 

lead cation is directly coordinated to 5 urate anions. Two urates coordinate through the N3 and 

O2 positions, 2 through the O6 position, and one through the O2. The interesting part in the 

synthesis of metal urate complexes is how the metal bonds to urate since there are various 

positions where it could coordinate or bicoordinate as shown in Figure 6.2. 
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Figure 6.2. Structures of urate complexes showing possible coordination of metal cations (M+ 
or M2+) with urate molecules.  
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Interest in the synthesis of calcium urate dates back as early as 1897 (or urate of calcium as it 

was called then) when Delépine observed small acicular crystals in urine which differed from 

calcium oxalate and other known urates at the time.21 He synthesized calcium urate from uric 

acid and pure hydrate of calcium, and the crystals appeared the same as the acicular crystals he 

observed in the urine of two gouty subjects. However, he did not discount the presence of other 

salts in the acicular crystals since the needle-like appearance was identical to MSU.  

In recent years, several researchers have reported the preparation and characterization of 

calcium urate complexes.12-15 These studies have resulted in powder X-ray diffraction data, 

however, no single crystal structure is available in the literature to date. We revisited the growth 

of calcium urate and this paper reports the first single crystal structure. Understanding the 

interactions of calcium ions with urates can help elucidate its possible role in pathological 

biomineralization processes. A recent analysis of urates in ten spontaneously passed uric acid 

renal calculi revealed a near-pure calcium urate in two cases and a calcium-enriched urate zone 

in all of the samples.7 

6.2  Experimental Methods and Materials 

6.2.1 Materials 

All chemical reagents were used as received: Uric acid (99%, Aldrich), CaCl2 (93%, Aldrich), 

and NaOH Pellets (EM). Water used was purified by passage through two Barnstead deionizing 

cartridges followed by distillation.  
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6.2.2 Crystal Growth 

A solution of 10 mM uric acid, 30 mM CaCl2, and 15 mM NaOH was heated and stirred 

vigorously until all solids dissolved. The solution was filtered, the pH adjusted to 10.5 with 1 M 

NaOH, and stored at 25° C or 37° C for at least 2 days.  

6.2.3 Optical Microscopy 

All micrographs were taken using an Olympus BX-50 polarizing microscope fitted with a 

Nikon COOLPIX995 digital camera operated with krinnicam_v1-03 software (Nikon Corp). The 

needle-like morphologies of the crystals grown at 25° C or 37° C (Figure 6.3) are identical. 

Based on previous reports, we initially assumed this to be a calcium urate.  

  

Figure 6.3. Photomicrograph of calcium urate crystals grown at 37° C. Scale bar = 100 µm. 

6.2.4 Thermal Analysis 

Thermogravimetric analysis was performed on a SDT Q600 TA instrument (New Castle, DE). 

About 5 mg of sample was heated in an alumina pan from room temperature to 350° C at 
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10°C/min under a stream of nitrogen. A nitrogen flow rate of 50 mL/min was used and each set 

of experiments was performed in triplicate. All the experiments were conducted using open 90 

µL alumina pans (TA instruments), and the samples were used without sieving or grinding. All 

experimental curves were analyzed with TA’s Universal Analysis Software.  

A single endothermic curve was seen when the compound was heated from room temperature 

to 350° C. A weight loss of 22.11% observed at ~137°C (Figure 6.4) corresponds to loss of six 

water molecules, close to the theoretical % weight loss of 22.4 % for a hexahydrate. This weight 

loss was in agreement with the first reported synthesis of calcium urate hexahydrate by 

Carmona.12  
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Figure 6.4. Thermal curve of calcium urate (heating rate=10°C/min; sample   mass=5.09 mg, 
weight loss at 350° C = 22.11%). 

Ca(C5H3O3N4)2 6H2O Ca(C5H3O3N4)2 + 6H2O.
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6.2.5 Powder X-ray Diffraction 

All powder X-ray diffraction analyses were performed at room temperature using a Rigaku R-

AXIS RAPID-S X-ray diffractometer under the following conditions: tube voltage of 40kV, tube 

current of 30 mA, and Cu K radiation. Samples were prepared in 0.5mm glass capillaries 

(Charles Super Company). Using a 0.3mm collimator, the data was collected for 1 hour with a 

Phi spin rate of 1° per second. The diffraction pattern was integrated over a 2 range from 4° to 

50° with a step size of 0.01 degrees. Data analysis was performed using Rigaku RAPID/XRD 

Version 2.3.3, AreaMax software and Jade v5.035 software (Material Data Inc.).  

6.2.6 Single Crystal X-ray Diffraction 

A single crystal X-ray structure of crystals grown at 37o C was collected on a Bruker SMART 

or APEX2 Platform CCD diffractometer at 100 K using Mo Kα  radiation (λ = 0.710713). 

Intensity data was corrected for absorption and decay in SADABS. Structure was solved in 

SHELXS and refined using SHELXL using XSEED v2.0 using direct methods and refined with 

anisotropic displacement parameters.   

6.3  Crystal Structure 

The structure of CaU2·6H2O was determined by single crystal X-ray diffraction (See Figure 

6.5 and Appendix A). CaU2·6H2O crystals are monoclinic with a space group of P21/n, Z=4 and 

cell parameters a = 12.543 (3), b = 6.6222 (16), c = 22.218 (5) Å, and  = 105.990 (3)°, and R = 

0.0492. The Ca (II) ion in CaU2·6H2O fulfills its 8-coordinate geometry through short contacts 

with a pyrimidine ring of a neighboring urate molecule and six water molecules. The urate 
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molecule is bonded in a bidentate manner to Ca2+ through the N3 and O2 positions (Ca···N 2.508 

Å, Ca···O 2.528 Å). All other Ca coordination sites are occupied by water (Ow···Ca  2.503 Å, 

2.666 Å, 2.390 Å, 2.388 Å, 2.385 Å, 2.341 Å). 
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Figure 6.5. (a) Crystal structure of CaU2·6H2O. Each Ca ion in CaU2·6H2O is coordinated to 
1 urate molecule and 6 water molecules. See text for bond distances. (b) 
Molecular structure of CaU2·6H2O with all atoms labeled. 
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The packing diagram of CaU2·6H2O viewed along the b axis is depicted in Figure 6.6.  

Complex hydrogen bonding exists between urate molecules as well as with urate and water 

molecules. The urate molecule that is coordinated to the Ca2+ ion is hydrogen bonded via O3 and 

H2 (imidazole ring) to H4 (imidazole ring) and O5 (pyrimidine ring) of the second urate 

molecule. Another hydrogen bonding interactions occurs between O2 (pyrimidine ring) to H5 

(imidazole ring) between neighboring urate molecule. Hydrogen bonding also occurs between 

O3 and O6 (imidazole ring) and the water molecules that are coordinated to Ca2+ ion.  

c

a

c

a

c

a

 

Figure 6.6. Crystal structure of CaU2·6H2O viewed along the b axis showing hydrogen 
bonding between molecules. Crystallographic axes are indicated.  
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Figure 6.7 illustrates the packing diagram of CaU2·6H2O viewed along the a axis. The 

molecules between layers are connected through hydrogen bonding with water molecules that are 

coordinated to the Ca2+ ion. Urate molecules participating in the coordination with Ca2+ ion are 

nearly perpendicular to the (001) plane at 86.67o. 

 

b

c

b

c

 

Figure 6.7. Packing diagram of CaU2·6H2O viewed along the a axis. Molecules within a layer 
are hydrogen bonded with one another and with molecules in adjacent layers. 
Crystallographic axes are indicated.  
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The calculated pattern from single crystal data was compared against powder X-ray diffraction 

data collected for the bulk precipitate from uric acid aqueous solutions. The powder diffraction 

patterns for CaU2·6H2O grown at 37° C and 25° C and the calculated pattern from single crystal 

data is shown in Figure 6.8. Characteristic diffraction lines of (100), (002), (101), (102), (200), 

(004), (210), (212), (020), and (120) are observed in all powder data suggesting phase purity of 

the bulk precipitate. Diffraction lines are broad due to low instrument resolution.  
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Figure 6.8. PXRD of CaU2·6H2O. (Red) Calculated pattern, (Black) CaU2·6H2O grown at 37° 
C, (Blue) CaU2·6H2O grown at 25° C.  
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6.4   Conclusions  

CaU2·6H2O crystals grown in basic aqueous solution at 25o C or 37o C are of identical phase as 

determined by optical microscopy, thermogravimetry, and powder X-ray diffractometry.  The 

single crystal structure collected for crystals grown at 37o C confirms the presence of 6 water 

molecules measured from thermogravimetric analysis. CaU2·6H2O indicates interaction sites for 

the divalent calcium to be the N3 and O2 positions of the urates. This is in agreement with the 

theoretical calculation of Allen et al. in which N3 and O2 positions are the energetically favored 

binding sites for Ca2+ and Mg2+ in water solution.8 The single crystal structure of CaU2·6H2O 

exhibit extensive intermolecular hydrogen bonding network between molecules in a layer and 

with molecules in adjacent layers. As with other urate salts previously reported, the urate anion 

in CaU2·6H2O is deprotonated at the N3 position.   
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APPPENDIX A CRYSTAL DATA FOR CALCIUM URATE HEXAHYDRATE 
 

Table A.1. Crystal data and structure refinement for CaU2·6H2O. 

 

Formula  C10 H18 CaN8 O12 

Formula weight  482.40 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 21/n 

a (Å) 12.543 (3) 

b (Å ) 6.6222 (16)  

c Å 22.210 (5) 

 (o) 90 

 (o) 105.990 (3)° 

 (o) 90° 

Volume [Å3] 1774.0 (7)  

Z 4 

Density (calc) [g/cm**3] 1.806 

Mu(MoK) [/mm] 0.443  

F(000) 1000 

Crystal size 0.48 x 0.06 x 0.02 mm3 

Temperature  100 (2) K 

Radiation [Angstrom] MoK        0.71073 

Theta Min-Max [Deg] 1.91, 28.0 

Dataset -16: 16 ; -8: 8 ; -29: 29   

Tot., Uniq. Data, R(int) 15188, 4212, 0.089 

Observed data [I > 2.0 sigma (I)] 2488 

Nref, Npar 4212, 338 

R, wR2, S 0.0492, 0.1024, 0.915  

w=1/[\s^2^(Fo^2^)+(0.0438P)^2^]  where P=(Fo^2^+2Fc^2^)/3'   

Max. and Av. Shift/Error 0.00, 0.00 

Min. and Max. Resd. Dens. [e/Ang^3] -0.46, 0.37 
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Table A.2. Final Coordinates and Equivalent Isotropic Displacement Parameters of the non-
Hydrogen atoms for CaU2·6H2O. 

 
Atom       x        y         z  U(eq) [Å] 

Ca1   0.95842(5)   0.68553(9)   0.13450(3)  0.00959(15)  

O1  1.26316(16)  0.8401(3)   0.41384(9)  0.0167(5)  

O2  1.14762(16)   0.7959(3)   0.20025(9)  0.0129(4)   

O3   0.83385(15)  0.6918(3)   0.40890(8)  0.0120(4)  

O4   1.65712(15)  0.6924(3)  0.25209(8)  0.0124(4)  

O5  1.58800(16)   0.7128(3)   0.04048(9)  0.0163(5)  

O6   1.15956(16)   0.8878(3)  0.03187(9)  0.0152(5)  

O7   0.80614(18)   0.6731(4)   0.04238(9)  0.0209(5)  

O8   1.04436(18)   0.5400(4)   0.06390(10)  0.0187(5)  

O9   1.06108(17)   0.3445(3)   0.18139(10)  0.0150(5)  

O10   0.82128(17)   0.4694(3)   0.15658(9)  0.0146(5)  

O11   0.82815(18)   0.9219(3)   0.15409(10)  0.0141(5)  

O12   0.99661(18)   1.0098(3)   0.08639(9)  0.0145(5)  

N1   1.2013(2)   0.8203(4)   0.30730(10)  0.0123(5)  

N3   1.0154(2)   0.7474(3)   0.25035(11)  0.0105(5)  

N7   1.0167(2)   0.7569(4)   0.41003(11)  0.0109(6)  

N9   0.8960(2)   0.7059(4)   0.31862(11)  0.0096(5)  

N10    1.6131(2)   0.6987(4)  0.14655(10)  0.0113(5)  

N12   1.47543(19)   0.7557(3)   0.19944(10)  0.0107(5)  

N16   1.34318(19)   0.8158(4)   0.03682(11)  0.0116(5)  

N18   1.2977(2)   0.8266(4)   0.12549(11)  0.0112(5)  

C2   1.1215(2)   0.7885(4)   0.25132(13)  0.0112(6)  

C4   0.9965(2)   0.7423(4)   0.30693(13)    0.0100(6)  

C5   1.0729(2)   0.7743(4)   0.36405(13)   0.0115(6)  

C6  1.1836(2)   0.8127(5)  0.36632(13)   0.0127(6)  

C8   0.9088(2)   0.7160(4)   0.38258(12)   0.0090(6)  

C11   1.5813(2)   0.7163(4)   0.20100(13)    0.0105(6)  

C13  1.4089(2)   0.7816(4)  0.14100(13)   0.0104(6)  
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C14   1.4384(2)  0.7727(4)   0.08562(13)    0.0114(6)  

C15   1.5472(2)   0.7286(4)   0.08582(13)    0.0113(6)  

C17   1.2570(2)   0.8477(4)   0.06118(13)    0.0121(6)  

 

U(eq) = 1/3 of the trace of the orthogonalized U Tensor 
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Table A.3. Hydrogen Atom Positions and Isotropic Displacement Parameters for 
CaU2·6H2O. 

 

Atom      x      y       z  U(iso) [Å] 

H1   1.273(3)  0.845(5)  0.3065(14)  0.019(9)  

H2   1.038(3)  0.773(5)  0.4477(15)  0.020(9)  

H3   0.839(3)  0.697(6)  0.2915(17)  0.043(12)  

H4   1.342(3)  0.827(5)  -0.0028(15)  0.026(9)  

H5  1.261(3)  0.826(5)  0.1498(14)  0.018(9)  

H6   1.684(3)  0.668(5) 0.1497(14)  0.024(9)  

H7A  0.737(3)  0.679(5) 0.0453(15)  0.029  

H7B   0.796(3)  0.671(5)  0.0072(16)  0.029  

H8A   1.102(3)  0.464(5)  0.0728(15)  0.029  

H8B   1.068(3)  0.623(5)  0.0397(15)  0.029  

H9A   1.055(3)  0.306(5) 0.2176(15)  0.029  

H9B   1.041(3)  0.251(5)  0.1555(16)  0.029  

H10   0.7857  0.4114  0.1235  0.017  

H10A   0.832(3)  0.385(5)  0.1898(15)  0.029  

H11A   0.779(3)  0.999(5)  0.1274(15)  0.029  

H11B   0.839(3)  0.990(5)  0.1883(16)  0.029  

H12A   0.945(3)  1.043(5)  0.0561(16) 0.029  

H12B   1.059(3)  0.988(5)  0.0711(15) 0.029  

 

The Temperature Factor has the Form of Exp(-T) Where 

T=8*(Pi**2)*U*(Sin(Theta)/Lambda)** for Isotropic Atoms 
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Table A.4. (An)isotropic Displacement Parameters for CaU2·6H2O. 

 
Atom   U(1,1) or U     U(2,2)           U(3,3)         U(2,3)   U(1,3)          U(1,2)  

Ca1  0.0089(3) 0.0131(3)      0.0065(3)     -0.0006(2)   0.0016(2)    0.0001(3)  

O1 0.0119(11)  0.0289(13)    0.0076(10)    -0.0006(9) -0.0001(8)   -0.0092(10)  

O2  0.0088(10)  0.0221(12)    0.0078(10)    0.0022(9)   0.0023(8)   -0.0005(9)  

O3  0.0108(10)  0.0171(11)    0.0083(10)    0.0000(9)   0.0029(8)    -0.0013(9)  

O4  0.0115(11)      0.0161(11)     0.0083(10)   0.0017(9)   0.0007(8)      0.0017(9)  

O5  0.0119(11)  0.0292(13)     0.0085(10)   0.0000(9)   0.0041(9)     0.0004(10)  

O6  0.0104(11)  0.0239(12)     0.0095(10)   0.0028(9)   0.0000(9)     0.0021(9)  

O7  0.0120(11)  0.0446(15)     0.0055(10)   0.0004(11) 0.0014(9)     0.0034(12)  

O8  0.0183(13)  0.0254(14)     0.0125(11)   0.0021(10) 0.0043(10)   0.0086(10)  

O9  0.0167(12)  0.0164(13)     0.0134(11)  -0.0006(9)   0.0068(10)  -0.0007(10)  

O10  0.0155(12)  0.0163(12)     0.0097(11)   0.0028(9)   -0.0002(9)   -0.0007(9)  

O11  0.0151(12)  0.0156(12)     0.0100(11)  -0.0003(9)    0.0006(9)    0.0048(9)  

O12  0.0098(11)  0.0211(12)     0.0117(11)   0.0024(9)    0.0016(9)    0.0019(10)  

N1  0.0087(13)  0.0195(14)     0.0086(12)  -0.0003(11)  0.0024(10)  -0.0028(12)  

N3  0.0120(13)  0.0125(13)     0.0061(11)   0.0016(9)    0.0010(10)   0.0005(10)  

N7  0.0137(14)  0.0132(14)     0.0062(13)  -0.0016(10)  0.0032(11)  -0.0003(10)  

N9  0.0088(13)  0.0131(14)     0.0057(12)  -0.0006(10) -0.0001(10)   0.0003(11)  

N10  0.0091(13)  0.0175(14)     0.0079(12)   0.0025(11)   0.0033(10)   0.0033(11)  

N12  0.0127(13)  0.0124(13)     0.0067(12)   0.0016(9)     0.0022(10)   0.0014(10)  

N16  0.0111(13)  0.0162(13)     0.0072(12)   0.0006(11)   0.0021(10)   0.0019(11)  

N18  0.0114(13)  0.0170(14)     0.0065(12)   0.0018(11)   0.0046(10)   0.0016(11)  

C2  0.0126(15)  0.0092(16)     0.0117(14)  -0.0022(12)   0.0029(12)  -0.0012(12)  

C4  0.0083(15)  0.0098(15)     0.0103(14)   0.0004(11)  -0.0002(12)  -0.0001(11)  

C5  0.0137(16)  0.0111(16)     0.0101(14)  -0.0003(12)   0.0039(12)   0.0004(12)  

C6  0.0150(15)  0.0125(15)     0.0097(14)   0.0000(13)   0.0019(12)  -0.0021(13) 

C8  0.0108(15)  0.0060(15)     0.0082(14)  -0.0006(11)  -0.0005(12)   0.0013(12)  

C11  0.0103(15)  0.0110(16)     0.0099(14)   -0.0005(12)   0.0024(12)  0.0007(12)  

C13  0.0103(15)  0.0084(15)     0.0126(15)   -0.0017(12)   0.0034(12)  0.0018(12)  
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C14  0.0130(16)  0.0116(16)     0.0084(14)   -0.0001(11)   0.0007(12)  -0.0005(12)  

C15  0.0116(15)  0.0115(16)     0.0099(14)   0.0001(12)    0.0016(12)  -0.0015(12)  

C17  0.0134(16)  0.0117(16)     0.0104(14)   -0.0002(12)   0.0020(12)   0.0004(12)  

 

The Temperature Factor has the Form of Exp(-T) Where 

T=8*(Pi**2)*U*(Sin(Theta)/Lambda)** for Isotropic Atoms 

T = 2*(Pi**2)*Sumij(h(i)*h(j)*U(i,j)* Astar(i)*Astar(j), for Anisotropic Atoms. Astar(j) are 
Reciprocal Axial Lengths and h(i) are the Reflection Indices. 
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Table A.5. Bond Distances (Å) for CaU2·6H2O. 

 
Ca1 -O2    2.528(2) 

Ca1 -O7    2.385(2) 

Ca1 -O8    2.341(2)  

Ca1 -O9    2.666(2) 

Ca1 -O10    2.390(2)  

Ca1 -O11    2.388(2)  

Ca1 -O12    2.503(2) 

Ca1 -N3    2.508(2) 

Ca1 -C2    2.908(3) 

O1 -C6    1.250(3) 

O2 -C2     1.266(3) 

O3 -C8     1.247(3) 

O4 -C11    1.274(3) 

O5  -C15     1.254(3) 

O6  -C17     1.245(3)  

O7  -H7A     0.89(3)  

O7  -H7B     0.76(3)  

O8  -H8A     0.86(3)  

O8  -H8B     0.88(3)  

O9  -H9A    0.87(3)  

O9  -H9B     0.84(3)  

O10  -H10    0.8400  

O10 -H10A    0.91(3)  

O11  -H11A    0.89(3) 

O11  -H11B     0.86(3)  

O12  -H12B    0.95(3)  

O12  -H12A    0.82(4)  

N1  -H1    0.91(3)  

N1 -C2    1.381(3) 
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N1 -C6    1.390(3)  

N3  -C2     1.352(4)  

N3  -C4     1.342(4)  

N7  -H2     0.81(3)  

N7  -C5     1.397(4)  

N7  -C8     1.349(4)  

N9  -H3     0.80(4)  

N9  -C4     1.376(4)  

N9  -C8     1.387(3)  

N10  -H6     0.90(3)  

N10  -C11     1.380(3) 

N10  -C15     1.389(3) 

N12  -C11     1.344(4)  

N16  -H4     0.88(3)  

N16  -C14     1.403(3)  

N16  -C17     1.352(4)  

N18  -H5     0.80(3) 

N18  -C17     1.385(3) 

C4  -C5     1.380(4)  

C5  -C6     1.399(4)  

C13  -N12     1.347(3)  

C13  -N18     1.375(4)  

C13  -C14     1.380(4) 

C14  -C15     1.394(4)  
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Table A.6. Bond angles [o] for CaU2·6H2O. 

 
Ca1  -O7  -H7A   120(2)  

Ca1  -O7 -H7B   139(3)  

Ca1  -O8  -H8A   127(2)  

Ca1  -O8  -H8B   117(2)  

Ca1  -O9  -H9A   117(2)  

Ca1  -O9  -H9B   110(2)  

Ca1  -O10  -H10   109.5  

Ca1  -O10  -H10A  125(2)  

Ca1  -O11  -H11A  130(2)  

Ca1  -O11  -H11B   124(2)  

Ca1  -O12  -H12A  112(2)  

Ca1  -O12  -H12B   107(2) 

O1  -C6  -N1   119.6(3)  

O1  -C6  -C5   127.6(3)  

O2  -C2  -N1   119.9(3)  

O2  -C2  -N3   119.4(3)  

O3  -C8  -N7   127.3(2)  

O3  -C8  -N9   125.8(3)  

O4  -C11  -N12   122.5(3)  

O4  -C11  -N10   116.4(2)  

O5  -C15  -N10   120.2(3)  

O5  -C15  -C14   129.1(3)  

O6  -C17  -N16   127.0(3)  

O6  -C17  -N18   126.2(3)  

O7  -Ca1  -O9   119.50(8)  

O7  -Ca1  -O10  72.78(8)  

O7  -Ca1 -O11  75.68(8) 

O7  -Ca1  -O12   82.26(8) 

O8  -Ca1  -O7  79.55(8)  
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O8  -Ca1  -O9   69.59(8) 

O8 -Ca1  -O10   112.42(8)  

O8  -Ca1  -O11  148.90(8) 

O8  -Ca1  -O12   83.64(8)  

O10  -Ca1  -O9   73.14(7)  

O10  -Ca1  -O12   146.57(8)  

O11  -Ca1  -O9  139.94(7)  

O11  -Ca1  -O10   77.75(8)  

O11  -Ca1  -O12   74.72(8)  

O12  -Ca1  -O9   139.91(7)  

C2  -N1  -H1   118.7(19)  

C2  -N1  -C6   125.5(3)  

C4  -C5  -C6   119.5(3)  

C4  -C5  -N7   107.3(3)  

C4  -N3  -C2   114.7(2)  

C4  -N9  -H3   123(3)  

C4  -N9  -C8   109.4(2)  

C5  -N7  -H2   130(2)  

C6  -N1  -H1   115.8(19) 

C8  -N7  -H2   120(2)  

C8  -N7  -C5   109.4(2)  

C8  -N9  -H3   127(3)  

C11  -N10  -H6   118(2) 

C11  -N10  -C15   126.9(3)  

C11  -N12  -C13   113.2(2) 

C13  -C14  -C15   120.5(3)  

C13  -C14  -N16   107.5(3)  

C13  -N18  -H5   124(2)  

C13  -N18  -C17   109.9(2)  

C14  -N16  -H4   124(2)  

C15  -C14  -N16   132.0(3)  
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C15  -N10  -H6   115(2)  

C17  -N16  -H4   126(2) 

C17  -N16  -C14   109.1(2)  

C17  -N18  -H5   126(2)  

N1  -C6  -C5   112.8(3)  

N3  -C2  -N1   120.7(2) 

N3  -C4  -N9   126.1(3)  

N3  -C4  -C5   126.9(3) 

N7  -C5  -C6   133.2(3) 

N7  -C8  -N9   106.9(2)  

N9  -C4  -C5   107.1(2)  

N10  -C15  -C14   110.7(3)  

N12  -C11  -N10   121.1(2  

N12  -C13  -N18   125.8(3)  

N12  -C13  -C14   127.4(3)  

N16  -C17  -N18   106.8(2  

N18  -C13  -C14   106.8(2)  

H7A  -O7  -H7B   101(3)  

H8A  -O8  -H8B   96(3)  

H9A  -O9  -H9B   109(3)  

H10  -O10  -H10A  110.8 

H11B  -O11  -H11A  102(3)  

H12B  -O12  -H12A  107(3)  
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Table A.7. Torsion angles [o] for CaU2·6H2O. 

 

Ca1  -N3  -C2  -N1   -174.3(2)  

Ca1  -N3  -C2  -O2   5.0(3)  

Ca1  -N3  -C4  -C5   168.9(3)  

Ca1  -N3  -C4  -N9   -11.9(6) 

Ca1  -O2  -C2  -N1   174.4(2)  

Ca1  -O2  -C2  -N3   -5.0(3)  

O2  -Ca1  -C2  -N1   -91(2)  

O2  -Ca1  -N3  -C2   -2.71(15)  

O2  -Ca1  -N3  -C4   -172.5(4) 

O2  -Ca1  -C2  -N3   175.0(3)  

O7  -Ca1  -C2  -N1   160(2)  

O7  -Ca1  -C2  -N3   66.7(4)  

O7  -Ca1  -C2  -O2   -108.2(4)  

O7  -Ca1  -O2  -C2   148.9(2) 

O7  -Ca1  -N3  -C2   -158.52(18) 

O7  -Ca1  -N3  -C4   31.7(5)  

O8  -Ca1  -C2  -N1   -60(2)  

O8  -Ca1  -C2  -O2  31.82(19)  

O8  -Ca1  -C2  -N3   -153.20(16)  

O8  -Ca1  -N3  -C2   36.3(2)  

O8  -Ca1  -N3  -C4   -133.5(4)  

O8  -Ca1  -O2  -C2   -150.45(18)  

O9  -Ca1  -O2  -C2   -81.18(17)  

O9  -Ca1  -N3  -C2   78.65(17)  

O9  -Ca1  -N3  -C4  -91.1(4)  

O9  -Ca1  -C2  -N1   0(2)  

O9  -Ca1  -C2  -N3   -93.68(17)  

O9  -Ca1  -C2  -O2   91.33(17)  

O10  -Ca1  -O1  -C2   -31.1(2)  
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O10  -Ca1  -C2  -N1   65(2)  

O10  -Ca1  -C2  -N3   -29.01(18)  

O10  -Ca1  -C2  -O2   156.00(16)  

O10  -Ca1  -N3  -C2   152.58(17)  

O10  -Ca1  -N3  -C4   -17.2(4)  

O11  -Ca1  -O2  -C2   57.17(18)  

O11  -Ca1  -C2  -O2   -126.33(17) 

O11  -Ca1  -N3  -C2   -128.62(18)  

O11  -Ca1  -N3  -C4   61.6(4)  

O11  -Ca1  -C2  -N1   142(2)  

O11  -Ca1  -C2  -N3   48.66(17)  

O12  -Ca1  -C2  -O2   -51.59(17)  

O12  -Ca1  -C2  -N3   123.39(17)  

O12  -Ca1  -N3  -C2   -59.95(18)  

O12  -Ca1  -N3  -C4   130.3(4)  

O12  -Ca1  -C2  -N1   -143(2)  

O12  -Ca1  -O2  -C2   125.74(18) 

C2  -Ca1  -N3  -C4   -169.8(5)  

C2  -N1  -C6  -O1   178.5(3)  

C2  -N1  -C6  -C5   -1.8(4)  

C2  -N3  -C4  -C5   0.1(4)  

C2  -N3  -C4  -N9   179.3(3)  

C4  -N9  -C8  -O3   179.5(3)  

C4  -N9  -C8  -N7   -0.4(3)  

C4  -C5  -C6  -N1   2.1(4)  

C4  -C5  -C6  -O1   -178.2(3)  

C4  -N3  -C2  -O2   179.7(3)  

C4  -N3  -C2  -N1   0.4(4)  

C4  -N3  -C2  -Ca1   174.7(3)  

C5  -N7  -C8  -O3   -179.5(3)  

C5  -N7  -C8  -N9   0.4(3)  



188 
 

C6  -N1  -C2  -O2   -178.8(3)  

C6  -N1  -C2  -N3   0.5(5)  

C6  -N1  -C2  -Ca1   -90(2)  

C8  -N7  -C5  -C4   -0.2(3)  

C8  -N7  -C5  -C6   -179.3(3)  

C8  -N9  -C4  -N3   -179.0(3)  

C8  -N9  -C4  -C5   0.3(3)  

C11  -N10  -C15  -O5   178.0(3)  

C11  -N10  -C15  -C14   -2.6(4)  

C13  -C14  -C15  -N10   0.0(4)  

C13  -C14  -C15  -O5   179.3(3)  

C13  -N12  -C11  -O4   178.1(3)  

C13  -N12  -C11  -N10   -2.2(4)  

C13  -N18  -C17  -O6   179.8(3)  

C13  -N18  -C17  -N16   0.0(3)  

C14  -C13 - N12  -C11   -0.3(4) 

C14  -C13  -N18  -C17   -0.5(3)  

C14  -N16  -C17  -O6   -179.3(3)  

C14  -N16  -C17  -N18   0.5(3)  

C15  -N10  -C11  -O4   -176.4(3)  

C15  -N10  -C11  -N12   3.9(5)  

C17  -N16  -C14  -C13   -0.8(3)  

C17  -N16  -C14  -C15   179.8(3)  

N3  -Ca1  -C2  -O2   -175.0(3)  

N3  -Ca1  -C2  -N1   94(2)  

N3  -Ca1  -O1  -C2   2.90(16)  

N3  -C4  -C5  -C6   -1.5(5)  

N3  -C4  -C5  -N7   179.3(3)  

N7  -C5  -C6  -N1   -178.9(3)  

N7  -C5  -C6  -O1   0.8(6)  

N9  -C4  -C5  -C6   179.2(3)  
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N9  -C4  -C5  -N7   -0.1(3)  

N12  -C13  -C14  -C15   1.5(5)  

N12  -C13  -C14  -N16   -178.0(3) 

N12  -C13  -N18  -C17   178.3(3)   

N16  -C14  -C15  -N10   179.3(3)  

N16  -C14  -C15  -O5   -1.3(5)  

N18  -C13  -C14  -C15   -179.8(3)  

N18  -C13  -C14  -N16   0.8(3)  

N18  -C13  -N12  -C11   -178.9(3)  
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