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Abstract 

Chelate exchange reactions often control the bioavailability of trace metal ions in 

soils. Soils contain many possible ligands, such as oxalate, in addition to the primary 

reactants – strong chelating agents (e.g. siderophores and synthetic chelating agents). 

Here we explore the influence of oxalate on the pathway and rate of ligand exchange 

between nickel(II) nitrilotriacetic acid (NiNTA) and 1,2-cyclohexylenedinitrilotetraacetic 

acid (CDTA). Capillary electrophoresis was used to monitor the changes in free chelating 

agent and nickel-chelating agent concentration over time at different pHs and reactant 

concentrations. Below pH 8, the presence of oxalate moderately catalyzes the reaction, 

whereas above pH 8, the reaction is moderately inhibited. The increase or decrease in 

rates at each pH increases in magnitude with increasing oxalate concentration. Kinetic 

modeling is used to support a proposed reaction pathway for this chelate exchange 

reaction in the presence of oxalate.
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1. Introduction 

1.1 Metals and chelating agents in the environment 

Some transition metals are essential micronutrients for both plants and animals. These 

metals include copper, iron, molybdenum, and nickel.1 Within the organism, metal 

micronutrients are most often complexed with a protein and are necessary for the 

function of the protein overall. Examples include proteins such as hemoglobin, which 

needs iron, aldehyde oxidase, which needs molybdenum, and urease, which needs 

nickel.2 For animals, the primary route of obtaining these micronutrients is through 

consumption of plants.1 Organisms which lack a digestive system, such as plants and 

bacteria, require a different way of obtaining these micronutrients. In order to capture 

micronutrients, some of these forms of life can exude natural chelating agents, called 

metalophores (from bacteria) and phytometalophores (from plants).3,4 When these 

compounds are exuded by plants and bacteria into soils, the compounds can sequester 

metals from other chemical species.5 The metal-metalophore complex is highly stable, so 

it is thermodynamically favored in soils. For a more in depth discussion of the chemistry 

of chelating agents, see section 1.4. Once the metal-metalophore complex is back inside 

the exuding organism, biological pathways cause release of the metal from the 

metalophore, rendering it bioavailable.6  

1.2 Metal speciation in the environment 

The composition of soil varies; the initial metal content of the soil depends primarily 

on the parent material, usually sedimentary rocks. Metals not originating from their 

parent material can come from pollution or weather, especially dust storms.1 Even within 

a fairly homogenous sample of soil, transition metals can exist in a variety of chemical 
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species. For example, iron can exist in mineral form, bound to natural organic matter 

(NOM)5, as iron oxide, especially at pH > 5,3 or adsorbed to clay minerals.7 These metal 

species are generally insoluble and can only become soluble through some chemical 

process. Furthermore, some metals species are soluble, yet biologically unavailable. 

Organisms may lack the ability to convert the mobile species into a free metal species in 

vitro, but organisms have evolved methods of scavenging metals from both the mobile 

and immobile chemical species, as is discussed in the following section. 

1.3 Plant uptake of iron 

Since iron uptake pathways in plants have been studied a great deal, those pathways 

will serve as a case study for the uptake of micronutrients. In general, there are two 

strategies plants use to sequester iron from the soil. The first is soil acidification through 

proton efflux into the environment around the root, called the rhizosphere. This pathway 

functions by increasing the concentration of soluble inorganic iron species around the 

root, which are then reduced and absorbed directly during respiration. Plants which apply 

this strategy are categorized as Strategy I plants and include woody plants as well as non-

graminaceous monocots.8 The second strategy is exudation of phytometalophores into the 

rhizosphere (Figure 1). This pathway functions because the phytometalophores are able 

to capture iron from a variety of species, including iron oxide. These phytometalophores 

are also able to scavenge iron from NOMs and microbial metalophores.5 Plants which 

apply this strategy are categorized as Strategy II plants and include grassy plants.8 
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Figure 1. Iron exchange processes in the rhizosphere for a phytometalophore exuding 

plant. PS stands for phytometalophore, OrgAc stands for organic acid, HS stands for 

sorbed humic substance or soluble particulate, and MicrSid stands for microbial 

metalophore. Figure taken from Kraemer et al., Advances in Agronomy (2006) 91, 1-45.5 
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1.4 Chelating agents 

Metal ions in aqueous solution are bound to one or more ligands, including solvent 

water molecules, hydroxide ions, inorganic ions and/or organic Lewis base donor ligands. 

Metal-ligand coordination complexes can be explained using Lewis acid-base theory. As 

Lewis acids; metal ions accept electron density. Ligands act as Lewis bases, donating 

electron density to the central metal ion. Chelating agents are molecules with more than 

one Lewis base donor atoms that can coordinate the metal simultaneously. The formation 

of metal-chelate complexes is very favorable. The high stability of these complexes is 

primarily caused by two factors. The first is the entropic and enthalpic effect of 

cancellation of charges. Whenever a charge is cancelled by the coordination of an anionic 

and cationic species, the energy of enthalpy change is negative. Furthermore, charged 

aqueous species cause the waters in their coordination spheres to align in an ordered way. 

This effect is stronger for more highly charged species. The reduction in charge of a 

coordination complex causes the ordering of water atoms in the coordination sphere to 

decrease, so the energy of the entropy change is positive. Combining the negative 

enthalpy change and the positive entropy change results in a highly negative change in 

Gibbs energy, indicating strong bonds between the anionic and cationic species. This 

effect is applicable for all charged ligands. The second effect leading to highly stable 

chelate-metal complexes is called the chelate effect. This is predominantly an entropic 

effect which describes the energy change associated with displacement of ligand groups. 

For similar ligands, a bidentate ligand, which has two coordination sites, is able to 

displace twice the number of initial ligands than monodentate ligands, which have one 
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coordination site. This results in a higher increase in disorder when polydentate ligands 

coordinate to a metal than when monodentate ligands coordinate to a metal.9 

1.5 Chelate exchange reactions 

As previously discussed, phytometalophores can scavenge transition metals from 

other species in soils. When the phytometalophore displaces another ligand, such as a 

bacterial metalophore or NOM, the reaction falls under the category of chelate exchange. 

A general form of a chelate exchange reaction is as follows: 

�� + �	 → �� + �        (1) 

In this reaction, M stands for the metal, L stands for the initial ligand, and Y stands for 

the incoming ligand. Plants exude phytometalophores diurnally, and since the chelated 

metal species needs to be absorbed by the plant during respiration, maximum release 

rates occur 6 hours after sunrise.5 If the rate of a chelate exchange reaction is faster than 

six hours, equilibrium is quickly reached in soil, and the amount of chelate-metal 

complex available to the plant is determined thermodynamically. If the rate of a chelate 

exchange reaction is slower than six hours, the amount of available chelate metal 

complex is almost entirely defined by the initial speciation of the metal.  If the rate of 

ligand exchange reaction is on the same order as six hours, the kinetics of the reaction 

ultimately define the amount of available metal-chelate complex. 

In order to understand the reactions in the soil, we must understand the kinetics of 

these reactions. Previous research has examined the kinetics of initial chelation of 

nickel(II) from the hexaquo species. Eigen and Wilkins investigated the mechanism for 

the formation of a chelated nickel(II) complex from hexaquonickel(II). This process can 

occur through two different steps. In the first, a water is lost, forming a pentaaquo species 
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prior to coordination by the incoming ligand. In the second, the incoming ligand forms an 

outer sphere association with the hexaquo species. The metal then loses a water and the 

ligand coordinates.10 In both pathways, the rate of water exchange is the limiting step, 

modified by a factor depending on the pathway. Whenever the incoming ligand and metal 

have opposite charges and the pentaaquo species is unstable, the reaction will proceed 

through the second, outer sphere association pathway. In this pathway, the modifying 

factor is the stability constant of the outer sphere complex. For nickel and anionic 

ligands, this research showed that the initial ligand exchange reaction proceeds through 

the outer sphere association pathway. They then hypothesize that the elementary steps of 

multidentate ligand exchange reactions will also be governed by similar processes.10 

Chelate exchange reactions, such as the ones discussed in this paper, fall into the category 

of multidentate ligand exchange reactions. 

However, in most soils, nickel exists in several species other than the hexaquo form; 

ligand exchange reactions between a chelated species of nickel and a different chelating 

agent are more representative of reactions in soils. One might assume, given the Eigen-

Wilkens mechanism discussed previously, that initial ligand loss (ML → M + L) is 

always the rate limiting step. However, chelate exchange reactions proceed through 

several steps, so the loss of initial ligand is not always the rate limiting step. Boland 

proposed three mechanistic pathways through which these reactions occur (Figure 2). 

The first pathway, Pathway A, proceeds through the formation of a ternary complex in 

which the incoming ligand partially coordinates to the initial chelate-metal complex. The 

initial ligand is then lost and the final ligand becomes fully coordinated. The second 

pathway, Pathway B, proceeds through a similar pathway and ternary complex, except 
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Figure 2. Pathways of chelate exchange reactions.  (Figure 4.13 from Boland)11  The 

apostrophe (‘) is indicative of partial chelation. Grey circles indicate reactants or products.
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that before the second ligand can coordinate, the initial ligand must partially dissociate. 

The final pathway, Pathway C, requires the complete dissociation of the initial ligand 

before the second ligand can coordinate the metal ion.12  

1.6 Nickel in the environment 

Nickel is the fifth most abundant element on Earth, and it is widely distributed in the 

environment.13 Furthermore, nickel is considered to be an essential element for higher 

plants, primarily due to its function within urease.2 However, despite its role as an 

essential nutrient, nickel can cause chlorosis and necrosis in plants in high 

concentration.14 The mechanisms of chlorosis due to nickel toxicity are not yet clearly 

understood, although it has been suggested that the nickel will displace magnesium, 

which alters the structure or activity of chlorophyll. Necrosis may occur by several 

mechanisms, including but not limited to interfering with the uptake of other 

micronutrients and interrupting Nitrate reductase or H+-ATPase.15 In general, healthy 

levels of nickel in plants range from 0.01-10 ppm.8 In contrast, the actual concentration 

of nickel in any given soil can vary between 0.1 ppm to 1523 ppm.1 The effect of this 

wide range of nickel concentration on plants is made even more complicated by the 

various speciation of the nickel. Because of the small range of bioavailable nickel 

concentrations in which plants can survive, understanding the speciation and mobility of 

nickel in the environment is necessary to determine the viability of plants in a specific 

soil. 

1.7 Oxalate in the environment 

Oxalate is part of a class of environmentally-relevant compounds which we will call 

the low molecular weight organic acids (LMWOAs). Within this class, there are 
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compounds such as malate, succinate, and citrate (Figure 3). These compounds first enter 

the environment through biological pathways. Plant matter can have from 0.1% to 1.70% 

oxalate composition by mass.16 Root turnover17 and decay of wood18 have also been 

shown to be sources of LMOAs. These compounds have been attributed to complex 

chemistry in the rhizosphere of plants. In particular, LWOAs have been proposed to be 

involved in mineral weathering, metal detoxification, and sequestration of 

micronutrients.17 While it is has been shown that LWOAs can solubilize and mobilize 

nutrients for plants, the fate of organic acids in real soils and the spatial distribution of 

those organic acids complicate the effective concentrations available for nutrient 

reactions.19 

Oxalate has been shown to increase desorption of organic20 and inorganic chemicals 

from solid phases. The presence of oxalate increases desorption of cadmium and copper 

from soils. In fact, all tested low molecular weight organic acids (citrate, malate, and 

oxalate) promoted desorption of these metals. Of these LMWOAs, oxalate increased 

desorption the least. The increased desorption has been attributed to soil acidification by 

the LMWOAs and to formation of soluble metal-LMWOA complexes. These complexes 

render the metal unavailable for re-adsorption.21 Oxalate also promotes desorption of 

uranium from goethite, a Fe(III)oxyhydroxo mineral.22  

Oxalate increases the rates of ligand-assisted dissolution of minerals. Specifically, 

oxalate increases the rate of dissolution of manganese oxides to manganese-metalophore 

complexes.23 This effect was also observed for iron minerals. In the case of iron, the 

increased dissolution rate can be attributed to a non-reductive pathway in which aqueous 

metal-oxalate complexes are formed from the mineral surface. These complexes transport 
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Figure 3. Structure of citrate, malate, and succinate.
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metal to the metalophore, which then scavenges it from the complex rather than the 

mineral surface. In the case of manganese, the mechanism by which the increased 

dissolution rate occurs is complicated by reductive dissolution. There is no consensus yet 

on the mechanism of oxalate-promoted manganese ligand-assisted dissolution. 

High concentrations of toxic metals, such as cadmium, stimulate release of oxalic 

acid from fungi. Increased oxalate concentration was shown to decrease the toxicity of 

cadmium, but it was also shown to increase uptake of cadmium. The increased uptake 

was explained through the formation of cadmium-oxalate complexes which increased 

solubility and mobility of cadmium. However, these complexes could not interrupt 

enzyme function as well as free metal, leading to the detoxification effect.24 

The effect of oxalate on solid to aqueous metal transport and uptake of complexed 

metals has already been studied, but the role of oxalate on chelate exchange kinetics has 

been neglected. In this research, we will investigate this aspect of metal transport in the 

rhizosphere. 

1.8 Capillary electrophoresis 

 Many kinetic studies of multidentate ligand exchange reactions have employed 

purely spectroscopic methods (UV-vis, NMR, etc). However, these techniques are 

sensitive to all chemical species in solutions, so they require spectroscopic resolutions of 

the species of interest. In our system, this resolution is unavailable. By using a separation 

technique prior to spectroscopic analysis, it is possible to circumvent this challenge. In 

particular, we chose to use capillary electrophoresis prior to UV-vis spectroscopy in order 

to achieve the physical separation of the chemical species necessary to resolve the 

components of our system. 
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 Capillary electrophoresis is based upon the observation that a charged analyte will 

migrate through a background electrolyte solution (BGE) when a potential is applied. 

Once the potential is applied to a system, an analyte will migrate through the electrolyte 

solution with a velocity (υ) proportional to the applied potential (V) and the 

electrophoretic mobility (µ) of the analyte.25  

 υ = 	µ	 × 	         (2) 

 The electrophoretic mobility of an analyte is a function of the charge of the 

analyte (q), the viscosity of the medium through which it is moving (η), and the 

hydrodynamic radius of the analyte (r). The specific relationship between these variables 

is given by equation 2: 

 µ	 = 	



��η
         (3) 

This relationship demonstrates that the speed at which an analyte moves through the 

capillary is directly proportional to its charge and inversely proportional to its size 

(Figure 4). In other words, small, highly charged molecules will migrate faster than 

large, less charged molecules. 

 However, migration through the capillary due to electrophoretic mobility is not 

the only process which governs the movement of analytes in capillary electrophoresis. 

Capillary electrophoresis must be performed in a small diameter capillary in order to 

prevent mixing of analyte zones and allow for higher potentials during separation. If 

capillary electrophoresis is performed in a large diameter capillary, the electrical 

resistance increases across the capillary, which increases joule heating of the capillary for 
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Figure 4. Separation of analytes within our system based on charge and size. The vectors 

represent the electrophoretic mobility of the analytes.  
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a given potential. Increased heating as well as increased diameter may lead to mixing of 

analyte zones, reducing the resolution of the technique. The most basic capillaries used in 

capillary electrophoresis are made of silica with an outer a polyacrylamide coating. The 

silica walls inside the capillary are negatively charged around pH 7, so positive ions from 

the BGE will associate with the wall, forming a diffuse double layer. The first layer of 

positive ions strongly interact with the silica wall, rendering them practically immobile. 

The second layer is a region rich in positive ions, but not directly interacting with the 

wall. This double layer creates a slip boundary at the edge of the first layer. When a 

potential is applied, the positive ions in the second migrate towards the cathode, 

entraining the bulk solution and causing net flow of the bulk electrolyte towards the 

cathode. The bulk flow is facilitated by the slip boundary between the two layers, which 

reduces any frictional forces on the BGE, causing a plug-like flow of BGE. This bulk 

flow is called the electroosmotic flow (EOF)25 (Figure 4). Since we are analyzing anions, 

the EOF works against the direction of separation of our analytes, decreasing the speed 

and resolution (due to diffusion over time) of our analysis. In order to solve this issue, a 

quaternary amine surfactant is added to the BGE. This surfactant forms a bilayer on the 

wall, effectively reversing the wall’s charge and reversing the direction of EOF.  

 The dissociation and formation kinetics of an analyte are also important to 

consider when determining ability of CE to quantify that analyte. Separations by a CE 

often take several minutes, so any species which dissociate faster than the migration time 

to the detector will separate prior to quantification. In metal-chelating agent complexes, 

this effect is accentuated due to the metal and ligand constituents (Ni2+ and nta-, for 

example) migrating towards different electrodes. This effect is also seen in the migration 
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of any chemical which acts as a polyprotic acid. Since the kinetics of protonation and 

deprotonation are much faster than the time scale of separation, the polyprotic acid 

migrates with a velocity proportional to the charge of its average protonation level. 

 Capillary electrophoresis has several benefits for metal complex separation 

compared to other separation techniques. Primarily, capillary electrophoresis does not 

require interactions with anything other than a BGE and an electric field to achieve 

separation. In liquid chromatography, the association of complexes with a stationary 

phase disrupt the electrostatics of the complex and may cause dissociation. This would 

cause systematic errors in quantification of concentration. Furthermore, electrophoretic 

systems have a different flow profile than pressure driven systems (Figure 5). In pressure 

driven systems, pressure is not uniform across the capillary. The peak pressure occurs in 

the middle of the capillary, but decreases closer to the edge of the capillary. This drop in 

pressure causes a laminar flow profile, creating broad peaks and reducing sensitivity. In 

contrast, there is a relatively constant flow profile across the capillary due to EOF, as 

discussed previously.
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Figure 5. Flow profiles of pressure driven systems (upper) and electrophoretic systems 

(lower). The arrows indicate flow velocity vectors. Adapted from Kuhn.25 
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2. Methods 

2.1 Reagents 

All chemicals were reagent grade or higher. The reagents used and their suppliers are 

provided in Table 1. Ultrapure water (18 MΩ cm) was purified by a MilliQ system 

(Millipore; Billerca MA). 

2.2 Terminology 

 In order to avoid confusion, the following formalisms have been introduced and 

will be used for the remainder of this document. When capital letters are used (NTA, 

EDTA, etc.), the chelating agent is being referred to without reference to protonation 

level or charge. In cases when the protonation level and charge are known, lower case 

letters are used (nta3-, H2edta2-, etc.). Similarly, nickel-chelating agent complexes with 

known protonation level and charge will be referred to with lower case letters 

(Ni(nta)OH2-, Niedta2-, etc.). In order to refer to the total amount of a chemical in a given 

solution, the chemical will be followed by a subscripted T (OxT, NiT). 

2.3 Solution preparation 

 All solutions were prepared in Class A volumetric flasks and stored in 

polypropylene bottles at 4°C. All glassware and polypropylene bottles were soaked in 5 

M HNO3 for 12 hours minimum, washed three times with deionized water, and then three 

times with MilliQ ultrapure water prior to use. Solid reagents were weighed using an 

analytical balance, and solutions were dispensed by Class A micropipettes. 

 All stock solutions were prepared by weighing out the appropriate mass of neat 

reagent and bringing the solution to volume using ultrapure water. Nickel (II) chloride 
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Table 1. Reagents used 

Chemical Name Abbreviation Supplier Supplier Location 

3-(N-Morpholino)-propane sulfonic acid  MOPS JT Baker Center Valley, PA 

Trans-1,2-diaminocyclohexane-N,N,N’,N’-tetraacetic acid monohydrate CDTA Alfa Aesar Ward Hill, MA 

Sodium acid pyrophospate N/A Spectrum Gardena, CA 

Tetradecyltrimethylammonium Bromide TTAB Amresco Solon, OH 

Nitrilotriacetic acid trisodium salt  NTA Alfa Aesar Ward Hill, MA 

Sodium oxalate Ox JT Baker Phillipsburg, NJ 

Nickel(II) chloride hexahydrate N/A Alfa Aesar Ward Hill, MA 

2-(N-Morpholino) ethane sulfonic acid MES JT Baker Center Valley, PA 

1,4-Diethylpiperazine DEPP Alfa Aesar Ward Hill, MA 

4-(2-Hydroxyethyl)-1-piperazinepropanesulfonic acid EPPS Sigma Aldrich St. Louis, MO 

N-[Tris(hydroxyethyl)methyl]-3-aminopropane sulfonic acid TAPS Sigma Aldrich St. Louis, MO 
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hexahydrate stock solutions were made acidic by addition of one equivalent of reagent 

grade HCl in order to avoid formation of nickel (II) hydroxo species and adsorption to the 

glass walls. CDTA stock solutions were made basic by the addition of two equivalents of 

NaOH. 

 Prior to initiating the reaction, two sample solutions were created for each 

experiment. Solution A contained nickel(II), NTA, oxalate, and pH buffer. Solution B 

contained CDTA and buffer. Specific concentrations of these compounds can be found in 

Table 2. The specific concentrations were chosen based on the experiment performed. 

For pH experiments, the buffers used were: DEPP (pH 4.0 ,4.5, 5.1), MES (pH 5.6, 5.8, 

6.29), MOPS (pH  6.8) , EPPS (pH 7.1, 7.6), and TAPS (pH 8.0, 8.4). Both solution A 

and B were brought to 10 ± 1 mM ionic strength by the addition of NaCl. The actual pH 

of these solutions was measured by pH meter, discussed in section 2.5.  

 In order to initiate the reaction, 250 µL of solution A was mixed with 250 µL of 

solution B. This mixture will be referred to as the reaction solution. Due to the similar 

ionic strengths of the sample solutions, the reaction solution also had an ionic strength of 

10 ± 1 mM in the initial stages of the reaction. 

 Background Electrolyte solution (BGE) for capillary electrophoresis separation 

consisted of 20 mM pyrophosphate (pH 7.0) and 0.4 mM TTAB. Pyrophosphate acted as 

pH buffer with low molar absorptivity at 214 nm.TTAB adsorbed to the capillary wall 

thereby reversing the electroosmotic flow. The solution was filtered and degassed by 

vacuum filtration through polycarbonate track-etch membrane filters (Whatman; Florham 

Park, NJ) over a glass frit. Pyrophosphate was included in the BGE as a pH buffer and 

electrolyte source. 
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Table 2. Sample Solution Composition by Experiment Type 

Type of Experiment Solution A composition Solution B composition 

   

pH experiment 100 µM NiT 

105 µM NTAT 

2 mM OxT 

5 mM buffer* 

400 µM CDTAT 

5 mM buffer* 

Oxalate experiment 

     (pH = 6.8) 

100 µM NiT 

105 µM NTAT 

5 mM MOPS (pH = 7.0) 

Between 0 mM and 2 mM OxT 

400 µM CDTAT 

5 mM MOPS (pH = 7.0) 

Oxalate experiment 

     (pH = 5.6) 

100 µM NiT 

105 µM NTAT 

5 mM MES (pH = 5.6) 

Between 0 mM and 2 mM OxT  

400 µM CDTAT 

5 mM MES (pH = 5.6) 

Oxalate experiment 

     (pH = 8.5) 

100 µM NiT 

105 µM NTAT 

5 mM TAPS (pH = 8.5) 

Between 0 mM and 2 mM OxT 

400 µM CDTAT 

5 mM TAPS(pH = 8.5) 

CDTA Experiment 

     (pH = 5.6) 

100 µM NiT 

105 µM NTAT 

2 mM OxT 

5 mM MES (pH = 5.6) 

5 mM MES (pH = 5.6) 

Between 400 and 1000 µM 

CDTAT 
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CDTA Experiment 

     (pH = 8.5) 

100 µM NiT 

105 µM NTAT 

2 mM OxT 

5 mM TAPS (pH = 8.5) 

5 mM TAPS (pH = 8.5) 

Between 400 and 1000 µM 

CDTAT 

NTA Experiment 

     (pH = 8.5) 

105 µM NTAT 

2 mM OxT 

5 mM TAPS (pH = 8.5) 

Between 105 and 600 µM NTAT 

400 µM CDTAT 

5 mM TAPS(pH = 8.5) 

*Buffer identity and pH range given in section 2.3.
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2.4 Equilibrium calculations 

Equilibrium concentrations of species were calculated using the HYDRAQL 

program.26 For an example input file, see Appendix C. As inputs, HYDRAQL requires 

the total concentration of each chemical in solution as well as formation equilibrium 

constants for each species under consideration. The total concentrations of all chemicals 

in solutions A and B are given in Table 2. The concentrations of the components of each 

reaction solution can be found by dividing the initial concentration of reactants in 

Solutions A and B by two. Since the buffers for these solutions do not bind metals 

strongly, they were excluded from the calculations. The ionic strength for all HYDRAQL 

calculations was set at 10 mM. 

The equilibrium constants for each species are given in Table 3. All equilibrium 

constants were obtained from the NIST Critically Selected Stability Constants of Metal 

Complexes Database.27 HYDRAQL automatically accounts for ionic strength effects, so 

all constants given to the program must be at an ionic strength of 0 M. For any constant 

reported at an ionic strength other than 0 M, the constant was corrected to 0 M ionic 

strength using the Davies equation28. Hydraql also needs total formation constants (e.g. 

2H+ + nta3- ⇌ H2nta- instead of H+ + Hnta2- ↔ H2nta-) which are found in Appendix C. 

2.5 pH Measurement 

 The pH of all solutions were measured using a B40PCI sympHony pH meter 

(VWR; Radnor, PA). The meter was calibrated using NIST buffers (Ricca Chemical 

Company; Arlington, TX) at pH 4.00 ± 0.01, 7.000 ± 0.002, and 10.00 ± 0.01. Aliquots 

(1 mL) from each solution were taken for pH measurement. The meter was allowed to 

equilibrate fully with each solution before recording the pH value.



 

 

23 

 

Table 3. Equilibrium Constants at Reported and 0 M Ionic Strength 

Reaction Literature 

log(K) 

Ionic 

strength (M) 

Corrected 

log(K) 

NTA 

 

   

   H+ + nta3- ⇌ Hnta2- 9.84 0.1 10.5 

   H+ + Hnta2- ⇌	H2nta- 2.52 0.1 2.96 

   H+ + H2nta- ⇌	H3nta 2 0 2 

   H+ + H3nta ⇌	H4nta+ 

 

1 0.1 1 

   Ni2+ + nta3- ⇌	Ninta- 11.51 0.1 12.83 

   Ni2+ + 2 nta3- ⇌	Ni(nta)2
4- 16.32 0.1 15.99 

   Ni(OH)+ + nta3- ⇌ Ni(OH)nta2- 10.86 0.1 11.52 

 

CDTA 

 

   

   H+ + cdta4- ⇌ Hcdta3- 12.3 0.1 13.2 

   H+ + Hcdta3- ⇌ H2cdta2- 6.07 0.1 6.73 

   H+ + H2cdta2- ⇌ H3cdta- 3.5 0.1 3.9 

   H+ + H3cdta- ⇌	H4cdta 2.48 0.1 2.70 

   H+ + H4cdta ⇌ H5cdta+ 

 

1.6 1 1.6* 

   Ni2+ + cdta4- ⇌ Nicdta2- 20.2 0.1 22.0 

   H+ + Nicdta2- ⇌	NiHcdta- 2.74 1 3.34* 
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OH 

 

   Ni2+ + OH- ⇌	NiOH+ 
(aq) 4.1 0 4.1 

   Ni2+ + 2 OH-  ⇌ Ni(OH)2 (aq) 9 0 9 

   Ni2+ + 3 OH- ⇌ Ni(OH)3
- 

(aq) 

 

12 0 12 

   Ni(OH)2 (s, am) ⇌ Ni2+ + 2 OH- -15.1 0 -15.1 

   Ni(OH)2 (s, cr) ⇌ Ni2+ + 2 OH- -17.2 0 -17.2 

 

Ox 

 

   

   H+ + ox2- ⇌ Hox- 4.26 0 4.26 

   H+ + Hox- ⇌ H2ox 

 

1.25 0 1.25 

   Ni2+ + ox2- ⇌ Niox 5.16 0 5.16 

   Ni2+ + 2 ox2- ⇌ Ni(ox)2
2- 

 

7.58 0.1 8.02 

   Ninta- + ox2- ⇌ Ni(ox)nta3- 2.1729 0.5 1.54 

Unless otherwise indicated, these constants came from the NIST Critical database.27 

*These constants were corrected from an ionic strength outside of the effective range of 

the Davie’s equation. 
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2.6 Capillary Electrophoresis 

Aliquots of reaction solution were analyzed using a P/ACE MDQ (Beckman-Coulter; 

Brea, CA) capillary electrophoresis instrument (CE) with a photodiode array UV 

detector. Separations were performed in a 50 cm long silica capillary with a detection 

window at 40 cm and an inner diameter of 75 µM. The capillary was prepared by etching 

a window into the polyimide coating using 70 °C sulfuric acid and a window etching tool 

(Agilent; Santa Clara, CA). The ends of the capillary were then cut to length and the 

coating was removed by flame. 

In order to run a kinetic analysis experiment, methods and sequences were 

programmed. Methods specify a specific order of operating conditions. One can specify 

pressure, voltage, starting vials, vial incrementing numbers, etc. Sequences are 

collections of methods that can override vial injection assignments, and allow for vial 

incrementing specified within the methods. Sequences are also responsible for file 

naming, organization, and exporting.  

Before each sequence, a precondition method was run. This method ran a five minute 

rinse of 0.1 M NaOH, a three minute rinse of ultrapure water, and a ten minute rinse with 

the BGE. All rinses occurred under a pressure of 30 psi. This precondition ensured that 

the capillary was free of any chemicals not present in the operating BGE. Furthermore, 

due to the presence of TTAB within our BGE, the BGE rinse coated the capillary walls 

with TTAB. 

Within each sequence, separation methods were run. At the beginning of these 

methods, the capillary was briefly rinsed with BGE for half a minute (30 psi). This pre-
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rinse ensured a consistent BGE across the capillary and a stable baseline. After the pre-

rinse, sample solution was injected into the capillary at a pressure (0.5 psi) for 15 

seconds. Separations were induced by placing the capillary within fresh BGE solutions 

and applying a -25 kV potential (0.17 min ramp) across the capillary for either 5 or 6 

minutes, depending on the method used. After the separation, the capillary was rinsed 

with water for 1 minute (30 psi) and rinsed with BGE for two minutes (30 psi) in order to 

remove any remaining sample from the capillary and prepare it for the following 

separation. 

Sequences generated reports which detailed the migration time as well as the area of 

absorbance peaks at a wavelength of 214 nm. These data were used to monitor the 

increase in NiCDTA2- concentration over time. Further information about the data 

generation and management protocol can be found in Appendix B. 
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3. Results and Discussion 

3.1 Brief overview of NiNTA + CDTA exchange reaction 

 The pathway of the chelate exchange reaction between nickel(II)NTA and CDTA 

has been previously investigated. This reaction has been shown to proceed through a 

disjunctive pathway (pathway C). The overall reaction scheme is given in Scheme 1. The 

rate law for the formation of Nicdta2- from Ninta- is as follows:11 

 
�[��������]
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=

����[�����
�][��� ]

���[���
!�]"��[��� ]

      (1) 

Due to the disjunctive nature of this pathway, initial rates of Nicdta2- formation were 

approximately independent on both CDTAT and NTA, as long as NiT < NTAT and NiT < 

CDTAT. When k-1[NTA] << k2[CDTA], this equation reduces to: 

 
�[��������]

��
=	#$[%&'()

*]       (2) 

This rate law indicates that the rate of Nicdta3- formation is limited by the concentration 

of Ninta- and the rate of dissociation of Ninta-, k1. The assumption that k-1[nta3-] << 

k2[CDTA] appears to be valid since it accounts for the observed rate dependence. It 

should be noted that, since k-1[nta3-] and k2[CDTA] both contain concentration terms, this 

assumption is dependent on both NTAT and CDTAT. Based on the observed 

independence of the reaction rate on both the concentration of CDTA and NTA, this 

assumption holds so long as CDTAT ≥ NTAT > NiT. This independence of the reaction 

rate on CDTAT implies that the CDTA species do not affect reaction rate.  

 Furthermore, the rates of Nicdta2- formation increase logarithmically with 

decreasing pH, which indicates a proton promoted pathway. This effect can be seen in 

Figure 6. The specific mechanism is not known for this process, although we can 
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empirically account for the acceleration in rate by a similar process as above, resulting in 

a total rate of: 

 
�[��������]

��
=	#$[%&'()

*] +	#$
+[%&'()*][,"]    (3) 

 In addition to an acceleration with decreasing pH, the rate of Nicdta2- formation 

has been shown to increase with increasing pH above pH 9, as seen in Figure 7. The rate 

acceleration correlates to a significant (> 5%) increase in the presence of a Ni(OH)NTA2- 

species above pH 9. It is hypothesized that the replacement of one of the coordinated 

waters with an OH- ligand increases the electron density on the central nickel(II) atom, 

increasing the lability of Ni(II)-NTA coordinative bonds.  

 

Scheme 1. Total Reaction Pathway for the Exchange between Ninta- and Nicdta2-. 

Adapted from Boland11. 

 

 

3.2 Equilibrium speciation calculations 

 In order to analyze initial rates of reaction, initial concentrations of reactants must 

be known. We modeled the speciation of nickel(II) in the NiNTA solution versus pH, the 

speciation of CDTA in the CDTA solution versus pH, the speciation of nickel(II) in the 

reaction solution versus pH, and the speciation of nickel (II) in the NiNTA solution.
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Figure 6. Initial rates of Nicdta2- formation versus pH. Adapted from Boland11. The dashed line is a fit of equation (3) with k1 = 

9.3x10-6 s-1 and k1
H = 2.19 M-1 s-1 
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Figure 7.  Initial rates of Nicdta2- versus pH above pH 8.5.  Adapted from unpublished data from Boland and Harned.30 The dashed 

line is a fit with the form rate = k1[Ninta-] + k1
H[Ninta-][H+] + kOH[Ni(OH)nta2-] with k1

 = 5.20x10-6 s-1, k1
H = 2.19 M-1 s-1, and kOH = 

1.15x10-4 s-1

-10

-9.8

-9.6

-9.4

-9.2

-9

-8.8

-8.6

-8.4

-8.2

-8

8 8.5 9 9.5 10 10.5 11

lo
g

(R
a

te
) 

lo
g

(M
 s

-1
)

pH 



 

 

31 

 

versus [Ox]. In all of these cases, the curves represent the long term, thermodynamic 

speciation of a particular chemical in each solution. 

 The equilibrium speciation of nickel(II) in the reaction solution can be found in 

Figure 8. This speciation confirms that almost all nickel in solution is chelated with 

CDTA when the reaction solution reaches equilibrium. This confirms that the reaction is 

complete when 50 µM of Nicdta2- has been formed. The equilibrium speciation of CDTA 

in the CDTA solution can be found in Figure 9. According to this speciation, between 

pH 5 and 9, the major species of CDTA introduced to the reaction solution are Hcdta3- 

and cdta4-. The protonation level of CDTA affects the reactivity between nickel(II) and 

CDTA, since as CDTA becomes more protonated, there is higher competition between 

nickel(II) and protons from solution. Since we predict cdta4- and Hcdta3- to be the 

dominant species and protonation level affects reactivity, one should use the combination 

of the concentrations of Hcdta3- and cdta4- as the CDTA species in kinetic modeling. 

 The models of the NiNTA solution are particularly informative. The speciation of 

nickel(II) versus pH in the NiNTA solution without oxalate can be found in Figure 10a, 

and the speciation of nickel(II) versus pH in the NiNTA solution with oxalate can be 

found in Figure 10b. The presence of oxalate in this solution creates several significant 

differences in the long term speciation of nickel(II). First, concentration Niox is 

significant at low pH. Since oxalate outcompetes NTA between pH 2.5 and 4, the 

concentration of Ninta- is decreased relative to solutions without oxalate. As a result 

initial rates of ligand exchange are decreased if we neglect any possible acceleration due 

to oxalate species. The presence of Niox is observed in experiment through non-zero 

initial Nicdta2- concentrations, discussed in section 3.4.1.  The second significant 
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Figure 8.  Concentration of nickel species in the reaction solution at equilibrium versus 

pH.  Conditions of calculations: 50 µM NiT, 52.5 µM NTAT, 100 µM CDTAT, 0.01 M 

ionic strength. 

 

Figure 9. Concentration of CDTA species in the CDTA solution at equilibrium versus 

pH. Conditions of calculations: 100 µM CDTAT, 0.01 M ionic strength. 
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Figure 10. Calculated aqueous nickel(II) species in the NiNTA solution versus pH with 

a) 0 mM OxT and b) 1 mM OxT. Conditions of calculations: 50 µM NiT, 52.5 µM NTAT, 

0.01 M ionic strength. 
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difference is that the concentration of Ninta- is neither approximately constant with 

respect to pH nor approximately 50 µM, both of which are true in the NiNTA solution 

without oxalate. As mentioned previously, a reduction in initial Ninta- concentration 

should decrease rates of ligand exchange, neglecting any oxalate dependent pathways. 

 The speciation of nickel(II) with respect to [Ox] in the NiNTA solution can be 

found in Figure 11. This speciation shows that as oxalate concentration increases, the 

concentration of both Ni(ox)nta3- and Niox increases. At zero oxalate concentration, 

nickel(II) is essentially entirely in the species Ninta-, so the increase of both Ni(ox)nta3- 

and Niox results in a decrease in Ninta- concentration. 

3.3 Reactant dependence results 

 The influence of CDTAT, NTAT, OxT, on initial rates of Nicdta2- formation were 

examined. The initial rates of Nicdta2- formation with varying CDTAT can be found in 

Figure 12. When CDTAT was varied, the initial rate of Nicdta2- formation remained 

approximately constant, indicating that the rates of Nicdta2- formation are independent of 

CDTAT. This independence was found both at pH 5.8 and at pH 8.4 suggesting that 

initial rate of Nicdta2- is likely independent of CDTAT through the entire pH range of 5.8 

and 8.4. The observed independence of Nicdta2- formation on CDTAT in this system was 

also observed in the system without oxalate, as discussed above. Following from the 

conclusions discussed above, the independence of Nicdta2- formation on CDTAT 

indicates that a step not involving CDTA is rate limiting.  

 The initial rates of Nicdta2- formation with varying NTAT can be found in Figure 

13.  Rates of Nicdta2- formation remained constant with varying NTAT. Unlike the CDTA 

experiments, this independence was only tested at pH 8.4. However, we expect that this 
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Figure 11. Calculated aqueous nickel(II) species in the NiNTA solution versus OxT. 

Calculation conditions: 50 µM NiT, 52.5 µM NTAT, pH 7.0, 0.01 M ionic strength. 
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Figure 12. Initial rates of Nicdta2- formation versus CDTAT. Reaction conditions: 

Specified concentrations of CDTAT, 50 µM NiT, 52.5 µM NTAT, 1 mM OxT, 5 mM 

buffer, 0.01 M ionic strength, 25 °C. Buffer for the circles was MES (pH 5.6) and buffer 

for the squares was TAPS (pH 8.4). Error bars are standard deviations. The dashed lines 

are linear least squares fit to each set of the data.  
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Figure 13. Initial rates of Nicdta2- formation versus NTAT. Reaction conditions: 

Specified concentrations of NTAT, 200 µM NiT, 52.5 µM NTAT, 1 mM OxT, 5 mM 

TAPS (pH 8.4), 0.01 M ionic strength, 25 °C. The error bars are standard deviation and 

the dashed line is a linear least squares fit of the data. 
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independence is maintained as pH is decreased. The independence of reaction rates on 

NTAT indicates that, once a nickel species that can be captured by CDTA is formed, the 

rate of recapture by NTA is much smaller than the rate of capture by CDTA. 

 The initial rates of Nicdta2- formation with varying OxT can be found in Figure 

14.  The rate of reaction is linearly dependent on OxT, which indicates that the presence 

of oxalate is influencing the reaction, but the influence that oxalate has on the reaction is 

neither strictly catalytic nor inhibitory. The presence of oxalate accelerates the formation 

of Nicdta2- at low pH, but the presence of oxalate decelerates the reaction at high pH. In 

either case, the rate of Nicdta2- formation is dependent on OxT, so a rate limiting step in 

the pathway must include or come after a step with some species of oxalate. The specific 

species involved in will be discussed in section 3.5. 

3.4 pH dependence results 

3.4.1 Initial Nicdta2- concentration 

 At low pH, the linear fit of the first 20% of [Nicdta2-] yielded non-zero intercepts, 

which indicates a non-zero initial Nicdta2- concentration. This was unexpected since no 

Nicdta2- is present in the reaction solution at the initiation of the reaction. Since no 

Nicdta2- exists prior to reaction initiation, this initial Nicdta2- concentration must occur by 

a reaction faster than the timescale of one separation. Equilibrium calculations of the 

NiNTA solution indicate a large concentration of Niox at lower pH, and the concentration 

of Niox in these solutions approximately matches the initial Nicdta2- concentration, as 

can be seen in Figure 15. At low pH, the curve of [Niox] doesn’t quite match the 

measured initial [Nicdta2-]. By approximating the increase of [Nicdta2-] as linear for the 

first 20% of reaction, the initial rate is systematically under-approximated and the initial 
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Figure 14. Initial rate of Nicdta2-
 formation versus OxT. Reaction conditions: Specified 

concentrations of OxT, 50 µM NiT, 52.5 µM NTAT, 200 µM OxT, 5 mM buffer, 0.01 M 

ionic strength, 25 °C. Buffer for the triangles was TAPS (pH 8.4) and buffer for the 

diamonds was MOPS (pH 6.7). Error bars are standard deviations. The dashed lines are 

linear least squares fit to each set of the data. 
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Figure 15. Initial [Nicdta2-] versus pH. Solution composition: 1 mM OxT, 50 µM NiT, 52.5 µM NTAT, 200 µM OxT, 5 mM buffer, 

0.01 M ionic strength, 25 °C. See Methods for a list of buffers at each pH. The dashed line is the equilibrium concentrations of Niox in 

the NiNTA solution.

0

5

10

15

20

25

4 5 6 7 8 9 10 11

In
it

ia
l 
[N

iC
D

T
A

2
- ]
 (

µ
M

)

pH



 

 

41 

 

[Nicdta2-] is systematically over-approximated. With enough data points, these errors are 

smaller than error introduced by calibration. However, at low pH, the reaction is fast 

enough that only three to four data points can be collected. As the speed of the reaction 

increases, the density of the points in the first 20% of the reaction decreases, and the first 

few points are further along in the reaction. These cause the slope of our linear fit to 

decrease and the intercept of our fit to increase, producing visibly large errors, which can 

be seen at low pH values in Figure 15. 

3.4.2 Initial rates of Nicdta2- formation 

The initial rate of Nicdta2- formation has a non-linear relationship with pH, which 

can be seen in Figure 16. Due to the scale and shape of the previous figure, it is difficult 

to discern the difference between the reaction with and without oxalate. In order to more 

directly compare these, the percent difference of the oxalate reaction has been calculated 

and can be found in Figure 17. The calculation of percent difference was done according 

to the following equation: 

 -./0.'(	1&22. = 	
456*	475	56

475	56
× 100     (4) 

At low pH, rates increase logarithmically, indicating the presence of a proton 

promoted pathway. Compared to the rates of reaction without oxalate present, the rates of 

formation are up to 150% faster in the presence of oxalate at low pH. As pH increases, 

the acceleration by oxalate decreases until about pH 7.5. Above pH 7.5, oxalate begins to 

have a decelerating effect rather than an accelerating one, achieving approximately 40% 

slower rates of Nicdta2- formation. This decelerating effect seems to decrease as the pH 

increases above pH 9, although more data points would need to be taken at high pH in 

order to be certain of this observation. 
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Figure 16. Log of initial rates of Nicdta2- formation versus pH. Solution composition: 1 mM OxT, 50 µM NiT, 52.5 µM NTAT, 200 

µM OxT, 5 mM buffer, 0.01 M ionic strength, 25 °C. See Methods for a list of buffers at each pH. Only two data points could be 

collected prior to 20% of the reaction for the hollow diamonds. The dashed line is initial rates for a model of the oxalate independent 

pathway.
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Figure 17. Percent change of measured rates (normalized to the oxalate independent pathway) versus pH. Solution composition: 1 

mM OxT, 50 µM NiT, 52.5 µM NTAT, 200 µM OxT, 5 mM buffer, 0.01 M ionic strength, 25 °C. Only two data points could be 

collected prior to 20% of the reaction for the hollow diamonds. See Methods for a list of buffers at each pH. The dashed line is initial 

rates for a model of the oxalate independent pathway. 
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3.5 Proposed pathway  

 We propose that the chelate exchange reaction between NiNTA and NiCDTA in 

the presence of oxalate proceeds through two competitive pathways. The first pathway 

through which it proceeds is the oxalate independent pathway, and that is identical to the 

pathway represented by Scheme 1. The second pathway is an oxalate dependent pathway. 

We hypothesize that the reaction occurs by 1) the formation of Ni(ox)nta3- from Ninta-, 2) 

the dissociation of NTA from Ni(ox)nta3- to yield Niox, and 3) rapid capture of nickel(II) 

by CDTA from Niox. The following scheme represents the union of the oxalate 

independent and dependent pathways: 

 

Scheme 2. Proposed reaction pathway for exchange between Ninta and CDTA in the 

presence of oxalate. 

 

 

The “pH promoted pathways” in the scheme above represent both the proton and hydroxo 

accelerated portions of the oxalate independent pathway. 

 Qualitatively, this pathway is consistent with our experimental evidence. First and 

foremost, we need an oxalate dependent pathway in order to account for the overall 

acceleration of our reaction in the presence of oxalate. The independence of rates of 
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Nicdta2- formation on CDTA indicates that the breaking of the Ni-NTA bond is still the 

rate-limiting step. This specific pathway makes sense given that the breaking of the Ni-

NTA bond is still the rate-limiting step. The addition of oxalate to the Ninta- complex 

donates extra electron density to the nickel(II), which weakens the Ni-NTA bonds and 

labilizes loss of NTA. Once Niox is formed, it is quickly consumed by CDTA. This 

assumption is verified by the agreement between initial measured NiCDTA and the 

concentration of Niox in the NiNTA solution. For further discussion of this, see section 

3.4.1. 

 Attempts to obtain a rate law for the proposed pathway provide further support for 

the pathway. Two different rate laws could possibly describe this system, depending on 

whether or not Ni(ox)nta3- reaches a steady-state during the reaction. First, if we do not 

assume that Ni(ox)nta3- reaches a steady state, the rate law is: 

�[��������]
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=	#$[%&'()

*] +	#$
+[%&'()*][,"] +	:;+ + #<[%&=>?@'()

A*] (5) 

where ROH represents the contribution of the hydroxo accelerated pathway and k4 is the 

rate of formation of Niox from Ni(ox)nta3-. Second, we could assume that Ni(ox)nta3- 

reaches a steady state so the rate law is: 
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Where k3 is the formation of Ni(ox)nta3- from Ninta- and k-3 is the dissociation of 

Ni(ox)nta3- to Ninta-. The derivation of both of these rate laws can be found in Appendix 

D. Both of these rate laws partially fit our experimental evidence. Both of these equations 

are 0th order with respect to excess NTA and CDTA, accelerate the reaction in the 

presence of oxalate, and have pH dependent rates that are proton- and hydroxide 

accelerated. Given that both [Ox] and [Ni(ox)nta3-] increasing with increasing OxT, these 



 

 

46 

 

rate equations are indistinguishable without quantitative kinetic modeling or further 

experimentation. 

 Unfortunately, both rate laws do not account for the deceleration of the pathway 

overall above pH 7.5. One explanation for the observed high pH deceleration is that 

above a certain pH, the formation of Niox from Ni(ox)nta3- is disfavored due to the 

protonation levels of the carboxylic acid groups in free NTA. The more free NTA is 

protonated, the less competitive NTA will be, relative to Ox. If the formation of Niox 

from Ni(ox)nta3- is disfavored, any nickel(II) in the ternary complex would be 

inaccessible for the reaction overall, slowing the reaction. The thermodynamic speciation 

of nickel(II) in the NiNTA solution versus pH show that this phenomenon likely occurs, 

since the concentration of Ni(ox)nta3- stays relatively constant while the concentration of 

Niox goes to zero as pH increases. 

 The first problem with this explanation is that the crossover point occurs at too 

high a pH to account for the observed switch from acceleration to deceleration. However, 

this information is only for thermodynamic speciation in the NiNTA solution. If we 

consider that, as CDTA is introduced to the solution, Niox is being consumed to near 

zero concentrations, we can see that this will push the Ni(ox)nta3-/Niox equilibrium 

towards the products. Therefore, we need extremely low thermodynamic concentrations 

of Niox in the NiNTA solution for this effect to be negligible and Ni(ox)nta3- to act as a 

nickel(II) sink. These low concentrations occur at high pH, so that may account for the 

difference between the thermodynamic crossover point and the rate crossover point. 

Quantitative kinetic modeling would be able to confirm this. The second problem with 

this explanation is that the “sink” effect of Ni(ox)nta3- is too small to account for the full 



 

 

47 

 

observed deceleration.  It is possible that the thermodynamic formation constant for this 

complex is too low. There is already some contention around this particular stability 

constant. The formation constant for Ni(ox)nta3-. we used was obtained by Jackobs and 

Margerum (1967),29 but there was a new constant recently reported by Kornev et al. 

(2009) 31 Jackobs and Margerum employed a slope-intercept graphical method in order to 

extract the ternary complex stability constant, and Kornev et al. used a curve fitting 

method based on minimizing Fisher’s test. The constant obtained by Kornev et al. was 25 

times higher than the constant reported by Jackobs and Margerum. We chose to use the 

constant obtained by Jackobs and Margerum throughout most of this paper due to the 

reliability of their method and because Kornev et al. reported the presence of unexpected, 

questionable highly charged species, such as Ninta2ox6-, in their calculations. 

 While we used the equilibrium speciation given by the Jackobs and Margerum 

constant, we ran equilibrium calculations using both constants. The comparison between 

the effects of both rate constants on speciation is shown in Figure 18. The equilibrium 

speciation obtained using the constant reported by Jackobs and Margerum will be 

referred to as the Jackobs speciation, and the equilibrium speciation obtained using the 

constant reported by Kornev et al. will be referred to as the Kornev speciation. Across all 

pH values studied in this thesis, the equilibrium concentration of Nintaox3- is higher in 

the Kornev speciation than in the Jackobs speciation. This result is expected due to the 

higher magnitude of the ternary complex stability constant reported by Kornev et al. 

Since the equilibrium concentration of the ternary complex is higher in the Kornev 

speciation, the concentration of Ninta- is necessarily lower. As discussed previously, any 
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Figure 18. Calculated aqueous nickel(II) species in the NiNTA solution versus pH with 

a) the Jackobs and Margerum β and b) the Kornev et al. β. Conditions of calculations: 50 

µM NiT, 52.5 µM NTAT, 1 mM OxT, 0.01 M ionic strength. 
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reduction in equilibrium Ninta- concentration in the NiNTA solution should cause a 

reduction in the rate of the oxalate independent pathway. 

 In order to confirm that the calculated reduction in Ninta- would reduce rates of 

oxalate independent ligand exchange, we calculated expected initial rates, neglecting any 

acceleration due to oxalate species. The comparison between using the Jackobs speciation 

concentration of Ninta- and the Kornev speciation concentration is found in Figure 19. 

As expected, the reduction in Ninta- calculated in the Kornev speciation is reflected by a 

reduction in calculated initial rate of the oxalate independent pathway. In fact, this 

reduction in rate is large enough to more than account for the deceleration of initial rate 

of reaction above pH 8. Due to the Kornev et al. constant accounting for slightly too large 

of a reduction in rate and the Jackobs and Margerum constant accounting for not enough 

of a reduction in rate, we hypothesize that the stability constant for Nintaox3- has a value 

between the two reported constants discussed here.
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Figure 19. Log of initial rates of Nicdta2- formation versus pH. Solution composition: 1 mM OxT, 50 µM NiT, 52.5 µM NTAT, 200 

µM OxT, 5 mM buffer, 0.01 M ionic strength, 25 °C. See Methods for a list of buffers at each pH. Only two data points could be 

collected prior to 20% of the reaction for the hollow diamonds. The dashed line is initial rates for a model of the oxalate independent 

pathway using the smaller β for the ternary complex. The dotted line is initial rates for a model of the oxalate independent pathway 

using the larger β for the ternary complex.
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4. Conclusion 

Oxalate affects rates of chelate exchange between NTA and CDTA around 

nickel(II) in a complicated manner. We have shown that the loss of NTA from a NiNTA 

complex is still the rate determining step in the presence of oxalate. We have also shown 

that the rates of chelate exchange are dependent on OxT, indicating an oxalate dependent 

pathway. We propose that the oxalate dependent pathway proceeds through the formation 

of Ni(ox)nta3-, dissociation to Niox, and capture by CDTA. Finally, we have proposed a 

pathway for the overall reaction which is a linear combination of the oxalate dependent 

and oxalate independent pathways. 

 This research has shown that, while not a major species thermodynamically, the 

ternary Ni(ox)nta3- complex plays a large role kinetically. We hypothesize that other 

LMWOAs will have a similar effect on the rates of chelate exchange between NTA and 

CDTA, especially other dicarboxylic LMWOAs. This research also has environmental 

implications. In order to understand the mechanisms by which chelate exchange occurs in 

the rhizosphere, one must take into account not only the thermodynamically favored 

chelating agents and metallophores, but also the ligands which may form ternary 

complexes with the metal bound thermodynamically favored chelating agents or 

metallophores. 
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5. Directions for Further Research 

This research has yet to fully explain the apparent deceleration of Nicdta2- 

formation at high pH observed in the presence of oxalate. While we have proposed a 

reason for it, quantitative kinetic modeling is needed to verify this effect. 

 We have also yet to verify that the species responsible for the decrease in rates as 

pH increases is the ternary complex, acting as a sink. In order to verify this assumption, 

we could perform experiments in which the ionic strength of solution is varied. Since the 

ternary complex is a trivalent anion, whose components are all at least divalent, the total 

formation constant (β) is strongly dependent on ionic strength. As can be seen in Figure 

20, the concentration of the ternary complex in solution increases as pH increases. This is 

applicable across a wide range of pH values. Furthermore, out of the three 

mechanistically important nickel species, only the ternary complex increases in 

concentration as ionic strength increases, as shown by Figure 21. The ternary complex 

would be confirmed as the “sink” if the point at which the pathway switches from 

accelerating to decelerating decreases in pH value when ionic strength increases. Another 

benefit to performing ionic strength studies would be increased applicability of this 

research to soil chemistry, since soils exist at a wide range of ionic strengths. 

 Research beyond confirming the role of the ternary complex within our proposed 

pathway should focus on structure-reactivity relationships among LMWOAs, which can 

manifest as two different studies. The first structure-reactivity relationship one could 

study is that of LMWOA ring size on the pathway of chelate exchange between NTA and 

CDTA around nickel(II). This would involve almost the same type of research as 

performed in this thesis, only replacing oxalate with malonate and succinate, both of 
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Figure 20. Calculated Ni(ox)nta3- concentrations in the NiNTA solution versus ionic 

strength. Calculation conditions: 50 µM NiT, 52.5 µM NTAT, 1 mM OxT, 0.01 M ionic 

strength. Diamonds are at pH 8.5, triangles are at pH 7, and circles are at pH 5.5. Note 

that the kink around 0.05 M ionic strength is an artifact of resolution. 
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Figure 21. Calculated concentrations of aqueous nickel(II) species in the NiNTA solution 

versus ionic strength. Calculation conditions: 50 µM NiT, 52.5 µM NTAT, 1 mM OxT, pH 

7.0, 0.01 M ionic strength. 
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which are root exudates of grassy plants.32,33 Oxalate forms a five-membered ring with 

the metal, whereas malonate forms a six-membered ring, and succinate forms a seven-

membered ring. Previous research has indicated that dicarboxylic six-membered rings 

labilize water exchange more so than five-membered rings.34 We hypothesize that 

dicarboxylic six-membered rings will also labilize the loss of strong chelating agents 

more so than five-membered rings. For example, we expect that the presence of malonate 

will labilize loss of NTA more so than the presence of oxalate. If this research were 

performed, one would have to be careful to separate the effects of ring size from the 

effects of conjugation. The structure of oxalate is such that the carbonyl groups within the 

carboxylic acids are conjugated. In both malonate and succinate, this conjugation does 

not exist. We do observe the effects of conjugation through the first pKa (,DE ⇌	,
" +

,E*) of each dicarboxylic acid. Malonate and succinate have a first pKa of 5.70 and 

5.64, respectively. Oxalate has a first pKa of 4.26.27 The lower pKa of oxalate, and 

therefore better stability of Hox-, can be explained through the delocalization of the 

negative charge due to conjugated double bonds. 

 The second structure-reactivity relationship that one could study is that of Lewis 

base identity. Oxalate is a dicarboxylic acid ligand, so one can replace these with amine 

groups. The two substitutes for oxalate would be glycine and ethylenediamine. Both of 

these ligands form five-membered rings with a metal and are environmentally relevant. 

By performing these structure-reactivity relationship experiments, one could attempt to 

generalize the results found with oxalate.
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Appendix A – Table of Initial Rate Experiments 

CDTAT NTAT OxT Buffer, pH Ionic strength, 

temp 

1[%&01()D*]

1(
 

(nM/s) 

Initial [Nicdta2-] 

(µM) 

Number of 

points in 

first 20% 

200 52.5 1 MOPS, 6.7 0.01, 25 0.52 ± 0.01 1.90 ± 0.03 3 

200 52.5 1 MOPS, 6.7 0.01, 25 1.5 ± 0.3 0.4 ± 1 3 

200 52.5 1 MOPS, 6.7 0.01, 25 0.89 ± 0.05 0.9 ± 0.2 4 

200 52.5 1 MOPS, 6.7 0.01, 25 0.85 ± 0.03 1.3 ± 0.2 4 

200 52.5 0.25 MOPS, 6.7 0.01, 25 0.57 ± 0.03 1.0 ± 0.3 6 

200 52.5 0.25 MOPS, 6.7 0.01, 25 0.55 ± 0.03 1.3 ± 0.4 6 

200 52.5 0.1 MOPS, 6.7 0.01, 25 0.64 ± 0.05 0.2 ± 0.3 3 

200 52.5 0.1 MOPS, 6.7 0.01, 25 0.49 ± 0.01 0.6 ± 0.5 3 

200 52.5 0.1 MOPS, 6.7 0.01, 25 0.3 ± 0.1 3 ± 1 3 

200 52.5 0 MOPS, 6.7 0.01, 25 0.33 ± 0.07 2 ± 1 5 

200 52.5 0 MOPS, 6.7 0.01, 25 0.45 ± 0.08 0 ± 1 4 

200 52.5 0 MOPS, 6.7 0.01, 25 0.52 ± 0.04 -1.1 ± 0.5 5 

200 52.5 1 MES, 5.6 0.01, 25 1.10 ± 0.05 7.4 ± 0.2 10 

200 52.5 1 MES, 5.6 0.01, 25 1.1 ± 0.2 7 ± 1 3 

200 52.5 1 MES, 5.6 0.01, 25 1.2 ± 0.3 6 ± 2 3 

200 52.5 1 MES, 5.7 0.01, 25 1.21 ± 0.08 5.1 ± 0.2 4 

200 52.5 1 MES, 5.7 0.01, 25 1.1 ± 0.1 5.4 ± 0.6 5 

200 52.5 1 DEPP, 4.5 0.01, 25 3.03 ± 0 21.5 ± 0 2 

200 52.5 1 DEPP, 4.5 0.01, 25 7.34 ± 0 19.8 ± 0 2 

200 52.5 1 DEPP, 4.0 0.01, 25 7.38 ± 0 22.2 ± 0 2 

200 52.5 1 DEPP, 5.1 0.01, 25 2 ± 2 18 ± 3 4 

200 52.5 1 DEPP, 5.1 0.01, 25 3.0 ± 0.1 18.4 ± 0.1 3 
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200 52.5 1 MES, 5.8 0.01, 25 1.0 ± 0.2 4 ± 0 4 

200 52.5 1 MES, 5.8 0.01, 25 1.18 ± 0.08 3.8 ± 0.3 5 

200 52.5 1 MES, 5.8 0.01, 25 0.94 ± 0.07 6.4 ± 0.4 6 

200 52.5 1 MES, 5.8 0.01, 25 0.9 ± 0.1 6.1 ± 0.5 5 

200 52.5 1 MES, 6.3 0.01, 25 0.95 ± 0.07 1.5 ± 0.4 5 

200 52.5 1 MES, 6.3 0.01, 25 0.92 ± 0.04 1.7 ± 0.2 7 

200 52.5 1 EPPS, 7.1 0.01, 25 0.55 ± 0.04 0.8 ± 0.3 7 

200 52.5 1 EPPS, 7.1 0.01, 25 0.50 ± 0.04 0.9 ± 0.2 6 

200 52.5 1 MES, 6.3 0.01, 25 0.74 ± 0.07 2.2 ± 0.4 7 

200 52.5 1 MES, 6.3 0.01, 25 0.78 ± 0.06 2.1 ± 0.4 7 

200 52.5 1 EPPS, 7.6 0.01, 25 0.65 ± 0.07 0.2 ± 0.6 8 

200 52.5 1 TAPS, 8.0 0.01, 25 0.41 ± 0.02 -0.6 ± 0.3 26 

200 52.5 1 TAPS, 8.0 0.01, 25 0.43 ± 0.05 0.1 ± 0.7 13 

200 52.5 1 TAPS, 8.0 0.01, 25 0.42 ± 0.03 0 ± 0.5 13 

200 52.5 1 EPPS, 7.6 0.01, 25 0.39 ± 0.04 1.5 ± 0.6 14 

200 52.5 1 EPPS, 7.6 0.01, 25 0.47 ± 0.03 0.4 ± 0.4 13 

52.5 52.5 1 TAPS, 8.0 0.01, 25 0.45 ± 0.05 -1.1 ± 0.7 7 

52.5 52.5 1 TAPS, 8.0 0.01, 25 0.41 ± 0.06 -0.7 ± 0.8 7 

52.5 52.5 1 TAPS, 8.0 0.01, 25 0.48 ± 0.09 -1 ± 1 7 

100 52.5 1 TAPS, 8.0 0.01, 25 0.32 ± 0.02 0.5 ± 0.2 3 

100 52.5 1 TAPS, 8.0 0.01, 25 0.47 ± 0.05 0 ± 0.7 6 

100 52.5 1 TAPS, 8.0 0.01, 25 0.49 ± 0.05 -0.4 ± 0.7 4 

300 52.5 1 TAPS, 8.0 0.01, 25 0.4 ± 0.1 3 ± 2 5 

300 52.5 1 TAPS, 8.0 0.01, 25 0.5 ± 0.1 1 ± 1 6 

300 52.5 1 TAPS, 8.0 0.01, 25 0.62 ± 0.08 -3 ± 1 4 

500 52.5 1 TAPS, 8.0 0.01, 25 0.5 ± 0.1 -1 ± 2 5 

500 52.5 1 TAPS, 8.0 0.01, 25 0.44 ± 0.05 1 ± 0.9 6 

200 52.5 0.25 MES, 5.6 0.01, 25 0.4 ± 0.4 3 ± 2 5 

200 52.5 0.25 MES, 5.6 0.01, 25 0.8 ± 0.3 1 ± 2 6 
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200 52.5 0.5 MES, 5.6 0.01, 25 1.0 ± 0.1 4.2 ± 0.6 6 

200 52.5 0.5 MES, 5.6 0.01, 25 1.2 ± 0.3 3 ± 2 5 

200 52.5 1 MES, 5.6 0.01, 25 1.2 ± 0.3 5.1 ± 0.2 4 

200 52.5 1 MES, 5.6 0.01, 25 1.1 ± 0.5 5.4 ± 0.6 5 

200 52.5 1 MES, 5.6 0.01, 25 1.1 ± 0.9 7 ± 1 3 

200 52.5 1 MES, 5.6 0.01, 25 1 ± 1 6 ± 2 3 

200 52.5 1 MES, 5.6 0.01, 25 1.1 ± 0.2 7.4 ± 0.2 10 

200 52.5 0.1 MES, 5.6 0.01, 25 1.6 ± 0.4 2 ± 2 5 

200 52.5 0.1 MES, 5.6 0.01, 25 0.9 ± 0.2 5 ± 1 4 

200 52.5 1 TAPS, 8.0 0.01, 25 0.28 ± 0.04 1.0 ± 0.7 8 

200 52.5 0.75 TAPS, 8.0 0.01, 25 0.33 ± 0.02 1 ± 0.4 10 

200 52.5 0.75 TAPS, 8.0 0.01, 25 0.32 ± 0.02 1.3 ± 0.3 9 

200 52.5 0.5 TAPS, 8.0 0.01, 25 0.29 ± 0.03 1.3 ± 0.6 11 

200 52.5 0.5 TAPS, 8.0 0.01, 25 0.44 ± 0.04 -0.2 ± 0.5 7 

200 52.5 0.25 TAPS, 8.0 0.01, 25 0.37 ± 0.02 0.2 ± 0.2 9 

200 52.5 0.25 TAPS, 8.0 0.01, 25 0.37 ± 0.02 0 ± 0.2 8 

200 52.5 1 TAPS, 8.4 0.01, 25 0.28 ± 0.04 1 ± 0.7 8 

200 52.5 1 TAPS, 8.4 0.01, 25 0.24 ± 0.03 1.9 ± 0.7 8 

200 52.5 1 TAPS, 8.4 0.01, 25 0.26 ± 0.06 1 ± 1 7 

200 100 1 TAPS, 8.4 0.01, 25 0.45 ± 0.03 -0.4 ± 0.4 9 

200 100 1 TAPS, 8.4 0.01, 25 0.37 ± 0.05 0.3 ± 0.6 8 

200 150 1 TAPS, 8.4 0.01, 25 0.34 ± 0.02 0.7 ± 0.3 12 

200 150 1 TAPS, 8.4 0.01, 25 0.45 ± 0.05 -0.4 ± 0.7 10 

200 200 1 TAPS, 8.4 0.01, 25 0.32 ± 0.01 0.7 ± 0.2 12 

200 200 1 TAPS, 8.4 0.01, 25 0.31 ± 0.01 0.8 ± 0.2 12 

200 300 1 TAPS, 8.4 0.01, 25 0.31 ± 0.04 0.3 ± 0.9 10 

200 300 1 TAPS, 8.4 0.01, 25 0.35 ± 0.02 -0.1 ± 0.4 9 

52.5 52.5 1 MES, 5.6 0.01, 25 0.9 ± 0.1 5.9 ± 0.6 10 

52.5 52.5 1 MES, 5.6 0.01, 25 1.2 ± 0.1 3.9 ± 0.5 10 
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52.5 52.5 1 MES, 5.6 0.01, 25 1.3 ± 0.2 5.2 ± 0.6 10 

52.5 52.5 1 MES, 5.6 0.01, 25 1.2 ± 0.1 5.3 ± 0.3 9 

100 52.5 1 MES, 5.6 0.01, 25 0.9 ± 0.2 5.4 ± 0.7 10 

100 52.5 1 MES, 5.6 0.01, 25 0.8 ± 0.2 5.4 ± 0.6 9 

300 52.5 1 MES, 5.6 0.01, 25 0.8 ± 0.1 6.5 ± 0.6 9 

300 52.5 1 MES, 5.6 0.01, 25 1.1 ± 0.2 5.8 ± 0.8 9 

500 52.5 1 MES, 5.6 0.01, 25 1.3 ± 0.1 5.4 ± 0.4 10 

500 52.5 1 MES, 5.6 0.01, 25 1.05 ± 0.03 5.7 ± 0.2 11 

500 52.5 1 MES, 5.6 0.01, 25 1.1 ± 0.2 5 ± 1 10 
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Appendix B – Data Analysis Protocols 

File Naming/Organizing Conventions 
 

This document uses some conventions for describing file names and locations. Anything 

inside square brackets [] is a field that will vary in the location. Anything in italics is a 

field inside that file name that should vary based on user input. Anything in angle 

brackets <> is a field inside the file name that should vary based on a sequence. Any field 

that has 000 is an increment number – either for versioning or sequence runs. 

 

The following sections describe the file naming conventions and file organization of 

common procedures performed in lab. 

 

Sequence Run 

Expected Files: In order to start a sequence run, you will need a method file, a sequence 

file, and a template file. At the end of this run, you should get several 32Karat data files, 

several method reports (exported electropherograms), and a sequence report. 

• Method file 

Naming Convention:  Descriptor_V000.met  

Location:   

 C:\32Karat\Projects\[ProjectName]\Method\[BufferType]\  
The method folder is for your individual project. The file should be incremented any 

time anything aside from the export path is changed. 

 

• Sequence file 

Naming Convention:  ProjCode_YYMMDD_Descriptor_Seq.seq 

Location:    C:\32Karat\Projects\[ProjectName]\ Sequence\ 

The sequence folder is for your individual project. The date and descriptor fields 

should be changed every time anything other than the data or export paths are 

changed. The project code should be changed every time you switch projects. 

 

• Template file 
Naming Convention:  ProjCode_Descriptor.tpl 

Location:    C:\32Karat\Projects\[ProjectName]\Template\ 

The template folder is for your individual project. The project code should be 

changed any time you switch projects. The descriptor should be changed every time 

the fields within the file are changed. 

 

• 32Karat data files 
Naming Convention:  ProjCode_YYMMDD_<000>_Descriptor_Raw.dat 

Location:

 C:\32Karat\Projects\[ProjectName]\Data\[Projec

tCode]\ [YYMMDD]\ 
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The data folder is for your individual project. The project code should be changed 

any time you switch projects. The date should be MANUALLY changed every day you 

collect data. The descriptor should change every time you change the components of 

your sample. If the same sequence is run more than once during a single day, 

manually increment the <000> field by 100 for each sequence run. 

• Method export files 
Naming Convention:  ProjCode_YYMMDD_<000>_Descriptor_Raw.txt 

Location: 

 C:\32Karat\Projects\[ProjectName]\Data\[Projec

tCode]\ [YYMMDD]\Report\ 
These are the ASCII electropherogram files. Since they are method reports, they will 

have the same name as the data file to which they correspond. 

• Sequence report 
Naming Convention: ProjCode_YYMMDD_VariableValue_000_Rep.txt 

Location:

 C:\32Karat\Projects\[ProjectName]\Data\[Projec

tCode]\ [YYMMDD]\Report\ 
Each sequence report needs to be renamed after each sequence run. The date should 

change every day you perform a sequence run. The project code should change every 

time you switch projects. The variable value should change every time you change the 

components in your sample. The 000 should increment by 100 for each sequence run 

performed that day. 

 

Data Analysis: 
Expected files: In order to start data analysis, you will need a report folder from a 

sequence run. At the end of data analysis you should have a Kinetics Analysis excel 

document and a Kinetics output data file. 

 

• Report Folder 
Location:  C:\Google Drive\[Personal Boland Research Share]\ 

[ProjectCode]\Data\[YYMMDD]\Report 

The reports folder should be transferred from the CE computer to a computer 

connected to the internet. The data folder is for your individual project. 

 

• Kinetics Analysis worksheet 
Naming Convention: ProjCode_YYMMDD_VariableValue_000_KAn.xls 

Location: C:\Google Drive\[Personal Boland Research Share]\ 

[ProjectCode]\Data\[YYMMDD]\ 
The data folder is for your individual project. The project code should be changed 

every time you switch projects. The date should be changed every day you analyze 

data. The variable value should be changed whenever the components of the 

solutions are changed. The 000 should be incremented by 100 for every analysis 

file completed that day. 

 

• Kinetics output file 
Naming Convention: ProjCode_YYMMDD_VariableValue_000_Out.csv 
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Location:  C:\Google Drive\[Personal Boland Research Share]\ 

[ProjectCode]\Data\[YYMMDD]\Report\   
The fields should change according to the guidelines in the analysis worksheet 

section. 

 

Equilibrium calculations: 
Expected files: In order to start equilibrium calculations, you will need a Hydraql 

constants spreadsheet and a Hydra01 file. You should get an equilibrium output file. 

• Hydraql constants spreadsheet 
Naming Convention: ProjCode_YYMMDD_MainComponents_EqK.xls 

Location: C:\Google Drive\[Personal Boland Research Share]\ 

[ProjectCode]\ 
Each set of Hydraql calculations for an experiment should be kept in its own 

project folder. The project code should change whenever you switch projects. The 

date should change each time the file is modified. The main components should 

change every time your components change. 

 

• Hydra01 (input) file 
Naming Convention: Hydra01_MainComponents_V000.dat 

Location: C:\Google Drive\Boland Group 

Share\Programs\Hydraql\ [Metal]\  
These should be stored with the other Hydra01 files in the main Boland group 

share folder, not your personal folder. The main components should change each 

time your components change. The 000 should increment by 1 each time constants 

or inputs change. 

 

• Equilibrium Calculation output 
Naming Convention: ProjCode_YYMMDD_Descriptor_EqCal.xls 

Location: C:\Google Drive\[Personal Boland Research Share]\ 

[ProjectCode]\ 
The project code should change each time you switch projects. The date should 

change each time the output is calculated. The descriptor should change each 

time you change something in the input (Hydra01) file. 

 

Memos: 

• Memos 
Naming Convention: Initials_YYMMDD_memo.doc 

Location:  C:\Google Drive\[Personal Boland Research 

Share]\Memos 
The initials should change if you change identity. The date should change each 

time you change something within the memo. 
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File Type Naming Convention Location 

Method Descriptor_V000.met C:\32Karat\Projects\[ProjectName]\Method\[BufferType]\ 

Sequence ProjCode_YYMMDD_Descriptor_Seq.seq C:\32Karat\Projects\[ProjectName]\ Sequence\ 

Template ProjCode_Descriptor.tpl C:\32Karat\Projects\[ProjectName]\Template\ 

32Karat Data ProjCode_YYMMDD_<000>_Descriptor_Raw.dat 

C:\32Karat\Projects\[ProjectName]\Data\[ProjectCode]\ 

[YYMMDD]\ 

Method report ProjCode_YYMMDD_<000>_Descriptor_Raw.txt 

C:\32Karat\Projects\[ProjectName]\Data\[ProjectCode]\ 

[YYMMDD]\Report\ 

Sequence report ProjCode_YYMMDD_VariableValue_000_Rep.txt 

C:\32Karat\Projects\[ProjectName]\Data\[ProjectCode]\ 

[YYMMDD]\Report\ 

Method report ProjCode_YYMMDD_<000>_Descriptor_Raw.txt 

C:\Google Drive\[Personal Boland Research Share]\ 

[ProjectCode]\Data\[YYMMDD]\Report\ 

Sequence report ProjCode_YYMMDD_VariableValue_000_Rep.txt 

C:\Google Drive\[Personal Boland Research Share]\ 

[ProjectCode]\Data\[YYMMDD]\Report\ 

Kinetics Analysis 

worksheet ProjCode_YYMMDD_VariableValue_000_KAn.xls 

C:\Google Drive\[Personal Boland Research Share]\[ 

ProjectCode]\Data\[YYMMDD]\ 

Kinetics Analysis 

output ProjCode_YYMMDD_VariableValue_000_Out.csv 

C:\Google Drive\[Personal Boland Research Share]\ 

[ProjectCode]\Data\[YYMMDD]\Report\ 

Hydraql constants 

worksheet ProjCode_YYMMDD_MainComponents_EqK.xls 

C:\Google Drive\[Personal Boland Research Share]\ 

[ProjectCode]\ 

Hydra01.dat Hydra01_MainComponents_V000.dat C:\Google Drive\Boland Group Share\Programs\Hydraql\ [Metal]\ 

Eq Calc output 

worksheet ProjCode_YYMMDD_Descriptor_EqCal.xls C:\Google Drive\[Personal Boland Research Share]\[ProjectCode]\ 

Memos Initials_YYMMDD_memo.doc C:\Google Drive\[Personal Boland Research Share]\Memos\ 

 

Table 1. File types, their naming conventions, and their locations. The files above the triple line are on the CE computer. The files 

below the triple line are on any computer connected to the internet. 
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Data Analysis Protocol 
I. Introduction 

By following this protocol, consistent data trails and standardized analysis 

processes will be produced. This protocol assumes knowledge of method and 

sequence creation. For further information on these topics, see “MDQ User’s 

Guide 32 Karattm 8.0” or the Help section of the 32 Karat software. Follow the file 

naming conventions given in the file naming conventions protocol. 

 

II. Creating consistent data paths 

1. On the computer connected to the CE, open the Data folder of your 

project. (The path should be something like 

C:\32Karat\Projects\AW\Data) 

2. Create a folder the project code (Something like AW005 or JC008) 

3. Inside that folder, create another folder named with both the project code 

and the date. In order to get the folders to display in date order, that date 

format should be “yymmdd”. 

4. Inside that folder, create a “Data files” and a “Reports” folder 

5. Steps 3 and 4 must be repeated every day data is collected 

 

III. Method and sequence reports 

a. Creating a method electropherogram report 

• Open the method to be used in the CE 32 Karat software. 

• Go to the “Method” tab, and open “Advanced…” 

• Check the “Export Enabled” box 
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• In the drop down menu below that, select “Electropherogram,” and 

move “ASCII” to the “Export these parameters:” side by selecting it 

and pressing the green arrow. 

• In the “Path for export files:” box, choose the “Reports” folder you 

created earlier. The data path should be something like 

C:\32Karat\Projects\AW\Data\AW005-150615\Reports. This step 

must be repeated every day data is collected. 
 

• Save the method 

 

b. Creating a sequence peaks report 

• Open the sequence to be used in the CE 32 Karat software. 

• Go to the “Sequence” tab and open “Edit…” 

• In the “Run Type” column, press the blue arrow. 

• For the first run, select “Begin Summary” with the Report Template 

“AWsummary3.tpl” 

• For the last run, select “End Summary” 

• For all other runs, select “Summary Run” 

• The following steps must be repeated every day data is collected.
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• Go to the “Sequence” tab and open “Properties…” 

• Check the “Export summary” box. For the “Path:” box below that, 

choose the “Reports” folder you created earlier. The data path should 

be something like C:\32Karat\Projects\AW\Data\AW005-

150615\Reports. 

• In the “Data:” box under the “File paths” heading, choose the “Data 

files” folder you created earlier. The data path should be something 

like C:\32Karat\Projects\AW\Data\AW005-150615\Data files.  

• Save the sequence 

• After every sequence run, you must rename the sequence report 

file. Go to the “Reports” folder you created earlier and look for a file 

named something like “Sequence Summary Report – 000005000” and 

rename it. The new name should have the date and information about 

type of run. For example: “AW005-calibcurve01-150615” 
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IV. Transferring reports 

• Copy the “Reports” folder from the computer connected to the CE to a 

flash drive. 

• On a computer connected to the internet, open Google drive, and go to 

your folder inside the “Data archive” folder. The path should be something 

like C:\Users\wildmaap\Google Drive\Boland Group Share\Data 

Archive\Wildman 16 

• Inside this folder, create a folder with the project code (Something like 

AW005 or JC008) 

• Inside that folder, create a folder named the same as on the CE computer 

(Something like AW005-150615) 

• Inside that folder, place a copy of the “Reports” folder obtained from the 

CE computer. 

 

V. Reformatting reports 

• Open Excel 

• In excel, open a sequence report you wish to analyze by going 

File>Open>[Desired report]. Since it is a text file, you must search for 

“All Files” in the drop down menu above the “Open” button. 

• Open the “Sequence report reformatting” sheet 

• Copy the sequence report values into the “Copy seq. report here” tab. 

• The reformatted report will be in the “Reformatted information” tab. 

 

VI. Kinetics analysis template 

• Open the “Kinetics template” 

• Save it as a different file (such as AW005-DataAnalysis150608) by going 

File>Save as..>[Desired file name] in the appropriate folder. The data path 

should be something like C:\Users\wildmaap\Google Drive\Andrew's 

Boland Research Share\AW005.  

• Fill in the information on the “Experiment Information” tab 

• Fill in the necessary inputs on the “Inputs” tab. 

• Copy the data from reformatting reports and paste the values into the 

“Raw Data” tab. If calibration curves were a part of an experimental 

sequence, that data should be taken from the experiment data section and 

put into the calibration curve data section. 

• The “Calib curve peaks” tab will pull off the peaks from the data placed in 

the Calibration curve data section of the “Raw Data” tab, but the sheet 

can’t tell which peaks to use. Place a 1 in the “Selection” column next to 

the desired peak for each run. 

• In the “Calib curves” tab, enter the concentrations (in micromolar) of each 

run. Rescale the axes on the resulting graphs as necessary. 

• The “Kinetics peaks” tab will pull off the peaks from the data placed in the 

Kinetics experiment data section of the “Raw Data” tab, but the sheet 

can’t tell which peaks to use. Place a 1 in the “Selection” column next to 

the desired peak for each run. 
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• In the “Kinetics” tab, enter the beginning and end cells of the linear region 

for each sample. An easy way to do this is to look at the linest from 0 to 

20 percent of concentration, and then correcting based on the “Last cell in 

the linear region” cell. 

• In the Kinetics tab, the default “Add time” is 170 seconds, but this can 

(and should) be changed if it differs for your method. This time is the time 

from the method is initiallized to the beginning of separation (when 

voltage is applied). 

• Modify the axes on the kinetics graphs if needed. 

• Save the file again. 

 

Congratulations! You have analyzed your data. 

 

Notes: 

• If you run more than one sequence in a day, make sure the names of the data files 

don’t overlap. If they do, you will overwrite the export files for the 

electropherograms. 

• Don’t put the date into the sample ID or filename for the data. When going back 

to try to analyze the sequence, 32 Karat won’t be able to find the data. 

• If you don’t rename the sequence reports, they may get overwritten. 

• If you need to go back and redo a method report, you can open the method and 

press “Analyze.” (With the correct data loaded) 

• If you need to redo a sequence report, you can open the sequence and press 

“Process.” (With correct data path loaded) 

• The reformatting and analysis sheets assume that the sequence report has less than 

or equal to 10 peaks for each run. 

• Analysis sheet restrictions: 

o One sequence and its calib curves at a time, 

o 60 max runs in a sequence, 

o 5 max samples per sequence, 

o 8 max calib curves per sequence, 

o 10 points max per calib curve. 
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Appendix C – Total formation Constants and Example HYDRAQL 

Program 

Total Formation Constants for Selected Reactions 

Reaction Log(β) 

NTA 
 

 

   H+ + nta3- ⇌ Hnta2- 10.50 

   2 H+ + nta3- ⇌ H2nta- 13.46 

   3 H+ + nta3- ⇌ H3nta 15.46 

   4 H+ + nta3- ⇌ H4nta+ 

 

16.46 

   Ni2+ + nta3- ⇌	Ninta- 12.83 

   Ni2+ + 2 nta3- ⇌	Ni(nta)2
4- 15.99 

   Ni2+ + OH- + nta3- ⇌ Ni(OH)nta2- 15.62 
 

CDTA 
 

 

   H+ + cdta4- ⇌ Hcdta3- 13.18 

   2 H+ + cdta4- ⇌ H2cdta2- 19.91 

   3 H+ + cdta4- ⇌ H3cdta- 23.85 

   4 H+ + cdta4- ⇌ H4cdta 26.55 

   5 H+ + cdta4- ⇌ H5cdta+ 

 

28.15 

   Ni2+ + cdta4- ⇌ Nicdta2- 21.96 

   H+ + Ni2+ + cdta4- ⇌	NiHcdta- 25.30 
 

OH 
 

 

   Ni2+ - H+ ⇌	NiOH+ 
(aq) -9.897 

   Ni2+ - 2 H+  ⇌ Ni(OH)2 (aq) -18.99 

   Ni2+ - 3 H+ ⇌ Ni(OH)3
- 

(aq) 
 

-29.99 

   Ni2+ - 2 H+ ⇌	Ni(OH)2 (s, am)  -12.89 

   Ni2+ - 2 H+ ⇌ Ni(OH)2 (s, cr) -10.79 
 

Ox 
 

 

   H+ + ox2- ⇌ Hox- 4.26 

   2 H+ + ox2- ⇌ H2ox 
 

5.51 

   Ni2+ + ox2- ⇌ Niox 5.16 

   Ni2+ + 2 ox2- ⇌ Ni(ox)2
2- 

 

8.02 

   Ni2+ + nta3- + ox2- ⇌ Ni(ox)nta3- 14.37 
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Example HYDRAQL Input File 
AW 3/27/2016 

 Ni(II), NTA, Oxalate, CDTA System 

0.0100 0   0.0000     25.00     1.000E-05 1    100/XMU KEYMU ACTCOR TEMP EPS 

NCASES ITMAX 

1     0     0      1      0      0      /IHYDRA IINPUT ICHARG IPDIST IPCENT 

IALLPC 

1     0     0      0      80000                      /KEY IADS MODEL IDIFOP 

LIMADS 

1.1   0.20  0      47.5   0      0  0  0      /C11 C21 C31 AREA1 C12 C22 C32 

AREA2 

00013 0 0 0 7530 7531 6901 6902 7510 7511 7512 7513 0 0 0 0 0 0 0 0/ 

2.0    12.1    0.10         / LINE FOR PH STEPPING 

103   -0.000   1.020E-2     / Cl- 

  5   -0.000   1.000E-2     / Na+ 

 13   -8.000   5.000E-5     / Ni2+ 

 50   -4.000   0.000E-0     / H+ 

165   -12.000  5.250E-5     / NTA-3 

118   -3.000   1.000E-3     / Oxalate 

128   -12.000   2.000E-4     / CDTA 4- 

  0    0.000   0.000        / 

2 / Type 2 Species 

7590     -9.897  13  1   50 -1    0  0    0  0    0  0    0  0 / NiOH + 

7491    -18.994  13  1   50 -2    0  0    0  0    0  0    0  0 / Ni(OH)2 

7492    -29.991  13  1   50 -3    0  0    0  0    0  0    0  0 / Ni(OH)3 - 

 

7510     12.832  13  1  165  1    0  0    0  0    0  0    0  0 / NiNTA 

7511     15.990  13  1  165  2    0  0    0  0    0  0    0  0 / Ni(NTA)2 

7512      1.624  13  1  165  1   50 -1    0  0    0  0    0  0 / Ni(OH)NTA 

 

7513  14.373  13  1  165  1   118 1    0  0    0  0    0  0 / NiNTA(Ox) 

 

7520     10.500  50  1  165  1    0  0    0  0    0  0    0  0 / H-NTA 

7521     13.461  50  2  165  1    0  0    0  0    0  0    0  0 / H2NTA 

7522     15.461  50  3  165  1    0  0    0  0    0  0    0  0 / H3NTA 

7523  16.461  50  4  165  1    0  0    0  0    0  0    0  0 / H4NTA 

 

7530     21.962  13  1  128  1    0  0    0  0    0  0    0  0 /NiCDTA 2- 

7531     25.302  13  1  128  1    50 1    0  0    0  0    0  0 /NiHCDTA - 

 

7540     13.181  50  1  128  1    0  0    0  0    0  0    0  0 /HCDTA 3- 

7541     19.912  50  2  128  1    0  0    0  0    0  0    0  0 /H2CDTA 2- 

7542     23.852  50  3  128  1    0  0    0  0    0  0    0  0 /H3CDTA - 

7543     26.553  50  4  128  1    0  0    0  0    0  0    0  0 /H4CDTA 

7544     28.153  50  5  128  1    0  0    0  0    0  0    0  0 /H5CDTA + 

 

6901  5.1600  13  1  118  1    0  0    0  0    0  0    0  0 /NiOx 

6902  8.0205  13  1  118  2    0  0    0  0    0  0    0  0 /Ni(Ox)2 

 

6911  4.2600  50  1  118  1    0  0    0  0    0  0    0  0 /HOx 

6912  5.5100  50  2  118  1    0  0    0  0    0  0    0  0 /H2Ox 

 

13595   -13.997  50 -1    0  0    0  0    0  0    0  0    0  0 / OH- 

    0     0.0    0   0    0  0    0  0    0  0    0  0    0  0 / 

3 / Fixed Solids; line for H+ necessary for pH stepping 
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00050     7.00    0  0    0  0    0  0    0  0    0  0    0  0    0  0 /     

    0     0       0  0    0  0    0  0    0  0    0  0    0  0    0  0 / 

5 / Solids Phases to be Considered 

20750   -12.894  13  1   50 -2    0  0    0  0    0  0    0  0    0  0 / 

Ni(OH)2 (s,am) 

20751 -10.794  13  1   50 -2    0  0    0  0    0  0    0  0    0  0 / Ni(OH)2 

(s,cr) 

    0      0      0  0    0  0    0  0    0  0    0  0    0  0    0  0 / 

6 / Solid Phases not under consideration  

    0      0      0  0    0  0    0  0    0  0    0  0    0  0    0  0 / 

    0      0      0  0    0  0    0  0    0  0    0  0    0  0    0  0 / 
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Appendix D – Rate Law Derivation 
Consider the formation of NiY. Its rate is given by the following equation: 

 
�[��F]

��
= #D[%&][�] +	#�[%&C?][�]  

If we make a steady state assumption for Ni, we can solve for the steady state 

concentration: 

 
�[��]

��
= #$[%&�] − #*$[%&][�] +	#*H[%&C?] −	#H[%&][C?] − #D[%&][�] ≈ 0  

 [%&]JJ =	
��[��K]"	��L[��;M]

���[K]"�L[;M]"	��[F]	
  

A similar steady state approximation is made for NiOx: 

 
�[��;M]

��
=	#<[%&�C?] +	#H[%&][C?] − #*<[%&C?][�] −	#*H[%&C?] −

	#�[%&C?][�] ≈ 0  

 [%&C?]JJ =	
�B[��K;M]"	�L[��][;M]

��B[K]"	�L"	�N[F]
  

If we consider the contribution to these steady states from the Ni2+, Ox2-/NiOx 

equilibrium to be small: 

 [%&]JJ =	
��[��K]

���[K]"	��[F]	
  

 [%&C?]JJ =	
�B[��K;M]

��B[K]"	�N[F]
  

Substituting these into the rate of change of NiY: 

 
�[��F]

��
=

����[��K][F]

���[K]"	��[F]	
+	

�N�B[��K;M][F]

��B[K]"	�N[F]
  

If we assume that the terms in the denominator containing Y dominate: 

 
�[��F]

��
=

����[��K][F]

��[F]	
+	

�N�B[��K;M][F]

�N[F]
=	#$[%&�] +	#<[%&�C?]  

Which is one form of the rate law. 
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If we assume that NiOxL also reaches a steady state: 

 
�[��;MK]

��
=	#A[%&�][C?] +	#*<[%&C?][�] − =#*A +	#<@[%&�C?] ≈ 0  

 [%&�C?]JJ =	
�![��K][;M]"	��B[��;M][K]

��!"	�B
  

We can assume that the term containing the steady state concentration of NiOx is much 

smaller than the other: 

 [%&�C?]JJ =	
�![��K][;M]

��!"	�B
  

Which allows us to substitute into the NiY rate: 

 
�[��F]

��
=	#$[%&�] +	

�!�B

��!"	�B
[%&�][C?]  

And yields another form of the rate law. 
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Appendix E – Table of Experiment Codes 

ID Title Notebook/Page Data Location  
(Google Drive/Andrew’s 

Boland Research Share/…)  

AW000 Thesis N/A Thesis/ 

AW001 Pipette Practice 1/1 AW001/ 

AW002 Speciations of NiPMIDA N/A AW002/ 

AW003 Calibration Curve and 

Data Analysis Practice 

1/2-6 AW003/ 

AW004 NiNTA/NiCDTA 

Exchange – MOPS 

dependence 

1/7-28 AW004/ 

AW005 NiNTA/NiCDTA 

Exchange – pH and Ox 

dependence 

1/29-61 AW005/ 

AW006 NiNTA/NiCDTA 

Exchange – CDTA 

dependence 

1/62-63 

2/1-6 

AW006 – CDTA 

dependence/ 

AW007 CDTA speciations N/A AW007 – CDTA 

dependence speciations/ 

AW008 NiNTA/NiCDTA 

Exchange – Oxalate 

dependence (pH 5.6) 

2/6-10 AW008 – pH 56 Oxalate 

dependence/ 

AW009 Oxalate speciations (pH 

5.6) 

N/A AW009 – pH 56 Oxalate 

dependence speciations/ 

AW010 NiNTA/NiCDTA 

Exchange – Oxalate 

dependence (pH 8.5) 

2/11-15 AW010 – pH 85 Oxalate 

dependence/ 

AW011 NiNTA/NiCDTA 

Exchange – NTA 

dependence (pH 8.5) 

2/15-21 AW011 – pH 85 NTA 

dependence/ 

AW012 Kinetic Modeling A/All AW012 – Modeling/ 

AW013 Corrected oxalate 

speciation 

N/A AW013 – Oxalate 

Speciations & corrections 

AW014 NiNTA/NiCDTA 

Exchange – Oxalate 

dependence (pH 9.5) 

2/22 AW014 – pH 95 Oxalate 

dependence 

 

 


