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ABSTRACT 

Activities related to nuclear weapons production have left a legacy of uranium 

contamination in the United States. Understanding the chemical interactions that uranium 

undergoes in the envirormient is important for prediction of uranium mobility and 

development of remediation strategies. 

A detailed spectroscopic examination of the pH-dependent behavior of the 

citrate system in aqueous solution was completed using Raman, ATR-FTIR, and NMR 

spectroscopies, combined with ESI-MS. Three structurally-distinct U02^^-citrate 

complexes, {(U02)2Cit2} , {(U02)3Cit3} , and (U02)3Cit2 exist in dynamic equilibrium 

17 13 over a pH range from 2 to 9. O and C NMR data confirm the previously published 

9— o_ 
structure of {(U02)2Cit2} and indicate that {(U02)3Cit3} is a symmetric, fluxional 

molecule. The (U02)3Cit2 complex was found to have a rigid structure and two structural 

isomers. 

Chemical interactions of U(VI), citric acid and AI2O3 were investigated using 

ATR-FTIR spectroscopy to examine how complexation of U(VI) by citrate affects 

-^1 
adsorption of U(VI) to AI2O3. Participation in UO2 -citrate complexes does not 

significantly affect the ability of citrate to chemisorb to AI2O3. The U02^^-citrate 

complexes dissociate upon adsorption, with hydrolysis of UO2 . Adsorption isotherms 

developed from ATR-FTIR data indicate enhanced citrate adsorption to AI2O3 in the 

2_|_ 2_j_ presence of UO2 , suggesting that UO2 acts as a central link between two citrate 

ligands, one of which is complexed to AI2O3. U02^^-citrate complexes can physisorb to 



citrate-saturated AI2O3. This study demonstrates how an in-depth infrared spectroscopic 

analysis of UOi^^-ligand complexes both in solution and adsorbed to oxide surfaces can 

be used to understand the adsorption mechanisms of these complexes. 

ESI-MS was investigated for the characterization of U(VI) species in 

2+ groundwater. Both ion trap and FTICR instruments were used. UO2 forms complexes 

with ligands such as acetate, trifluoroacetate, and nitrate, which readily react with 

CH3CN, CH3OH, and H2O to form solvated gas-phase species of the form [(U02L)Sn] , 

where L represents the ligand, S represents solvent, and 1 < n < 4. n is directly related to 

9-1-
the number of available coordination sites on UO2 , providing insight into the 

2_|_ coordination environment of UO2 . Solvent exchange and addition reactions readily 

occur. U02^^ also forms coordinately saturated negatively-charged complexes with 

nitrate. UO2 -carbonate complexes were also investigated. 
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CHAPTER 1 

INTRODUCTION: URANIUM AND ENVIRONMENTAL CONTAMINATION 

Background 

Uranium is ubiquitous in the Earth's crust, being found in both igneous and 

sedimentary rocks. Its average abundance in the crust is 2.6 ppm, but is mainly 

concentrated in the uranium ore deposits produced by various crustal processes.'' Prior 

to the early 1900's, uranium was used mainly for ceramic glazes and to color glass, and 

small-scale mining of pitchblende (the impure, amorphous form of uraninite, UO2) 

deposits occurred in the United States as well as Europe.'' Later, camotite 

(K2(U02)2(V04)2- I-3H2O) deposits on the Colorado Plateau and in the Belgian Congo 

(now Democratic Republic of Congo) were briefly exploited for vanadium and radium.'^ 

Large-scale mining of uranium-containing ores did not take place until the United States 

began development of the technology capable of producing nuclear weaponry with the 

Manhattan Project in 1942, which culminated in the two atomic bombs exploded over the 

Japanese cities of Hiroshima and Nagasaki in 1945. In 1946, the civilian Atomic Energy 

Commission (AEC) was made responsible for the development and production of nuclear 

weaponry. To this end, the AEC began developing a network of research, manufacturing, 

and testing sites around the country, with the goal of stockpiling nuclear weapons. This 

became known as the nuclear weapons complex and consisted of 16 major facilities at its 
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peak.' ̂  The network of mines, industrial facilities, and laboratories comprising the 

nuclear weapons complex is shown in Figure 1.1. 

The extensive mining and manufacturing effort required by the nuclear weapons 

complex generated large quantities of radioactive waste. Concerns about safety and 

environmental problems caused parts of the nuclear weapons complex to be shut down 

temporarily in the 1980's, and then permanently upon dissolution of the Soviet Union in 

1991.' Many of the former mining and nuclear weapons production sites are now 

heavily contaminated, and waste stabilization and clean-up efforts are taking place. 

However, the hydrological, geological, chemical and social issues involved in the 

stabilization and safe storage of wastes, as well as in the remediation of contaminated 

sites, are of staggering complexity. 

Radioactive Waste 

In the United States, radioactive waste may be divided into three major 

categories: high-level waste, transuranic waste, and low-level waste. Mill tailings are 

included as a fourth category. 

High-level waste is defined by the Nuclear Regulatory Commission (NRC) as (1) 

irradiated reactor fuel, (2) liquid wastes resulting from the first cycle solvent extraction 

and the concentrated wastes from subsequent extraction cycles in a facility for 

reprocessing irradiated reactor fuel, and (3) solids into which such liquid wastes have 

been converted.'^ The U.S. Department of Energy (USDOE) definition is similar, but 
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does not include spent nuclear fuel as a waste. ̂ High-level waste contains fission 

fragments and daughter products resulting from fission of in reactor fuel. 

Radionuclides in the waste include Np, Pu, Am, U, and the short-lived radionuclides ^''Sr, 

90y, ^^^Cs, among others. High-level waste, by law, requires permanent 

isolation (>10,000 years). As of 1997, the USDOE had approximately 373,400 m^ of 

high-level radioactive waste with a total radioactivity of 915.5 MCi (megacuries) in 

storage in underground tanks in Washington, South Carolina, Idaho and New York.' ̂  In 

addition to the USDOE's waste inventory, there are -39,000 metric tons of spent nuclear 

fuel from commercial reactors accumulating in cooling ponds and dry casks at various 

locations around the United States.'^ 

Transuranic waste is defined by the USDOE as waste containing more than 100 

nCi of alpha-emitting transuranic isotopes with half-lives of more than 20 years, per gram 

1 8 of waste. Transuranic waste does not include high-level waste. Transuranic waste 

consists of materials from laboratory and production operations, including contaminated 

clothing, laboratory equipment and reagents, machine parts, and sludge. Transuranic 

waste may contain Pu and its various isotopes, ^"^'Am, ^°Sr, '^^Cs, '^^Ba, ^"Co, 

and isotopes of Eu.' Approximately 75,000 m^ (2.6 MCi) of this waste is stored at 

various facilities around the U.S.^^ 

Low-level waste is defined as radioactive waste that is not high-level waste, spent 

nuclear fuel, transuranic waste, or by-product material.'^ Low-level waste is also defined 

by the USDOE as containing less than 100 nCi per gram of waste. This type of waste 

contains uranium, thorium, fission products, and tritium.' Low-level waste at USDOE 
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sites consists mainly of contaminated equipment, clothing, paper, rags, and sludge.'^ This 

type of waste also includes material from biomedical research and nuclear medicine, ion 

exchange resins from nuclear power plants, and contaminated clothing and equipment.'^ 

Approximately 4.7 million m^ (18 MCi) of low-level waste is buried nationwide.'^ In 

addition, as of 1996, there were an estimated 79 million m^ of soil and 1.8 billion of 

water contaminated with hazardous chemicals and/or radioactive substances present on 

USDOE lands.' 

Mill tailings are the sand and clay-sized particles resulting from milling uranium 

ore. The volume of mill tailings is estimated at -120 million m^, but the radioactivity 

levels are very small.' ̂  The principle hazard of mill tailings is radon gas, as described 

later in this chapter. 

Disposal Options for Radioactive Wastes 

Radioactive wastes and spent nuclear fuel are currently stored at over 130 

separate sites in 39 states. There is concern about the vunerability of these potentially 

deadly materials to acts of terrorism or sabotage. Civil disturbances, revolutions or wars 

are very likely to occur during the thousands of years that high-level waste must be 

isolated from the environment. Therefore, it is imperative to develop ways to safely 

dispose of radioactive materials. Currently, U.S. policy leans toward the disposal of high-

level radioactive wastes and spent nuclear fuel in a geologic repository at Yucca 

Mountain, Nevada and transuranic waste at the Waste Isolation Pilot Plant (WIPP) in 



New Mexico; development of regional repository sites for low-level waste was to be 

through cooperative agreements undertaken by the states. 

Yucca Mountain is a mountainous ridge located approximately 125 km northwest 

of Las Vegas, on the western edge of the Nevada Test Site (Figure 1.1). Yucca Mountain 

was selected as the site of the United States' proposed high-level nuclear waste repository 

due to its isolation and favorable climatological, hydrological and geological 

characteristics. Yucca Mountain lies in a hydrologically closed basin and averages only 

15 cm of rain per year, 98-99% of which is lost by evaporation or taken up by plants; the 

remaining 1-2% percolates into the ground. The ridge is composed of alternating layers 

of welded and nonwelded tuff formed by ashflow and ashfall deposition from successive 

volcanic eruptions 11 to 13 million years ago. Much of the tuff contains zeolites and 

clays, which are potential sorbing agents for cesium, strontium, uranium, plutonium, 

neptunium and other transuranic elements. The repository will be located in the Topopah 

Spring welded tuff formation, approximately 275 m above the static water level and 300 

m below the ridge line of Yucca Mountain. Approximately 11,000 metal containers of 

spent nuclear reactor fuel and vitrified high-level waste will be stored within 

emplacement drifts bored into the tuff The waste containers are to be constructed of the 

corrosion-resistant material Alloy 22, which contains approximately 60% nickel, 22% 

chromium, 13% molybdenum, and 3% tungsten. A drip shield made of titanium will 

protect the waste package from dripping water. Despite their robustness, the waste 

containers are not expected to survive the thousands of years during which the waste will 
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be radioactive, and it is hoped that the thick unsaturated zone and mineralogical 

characteristics of the tuff will provide a natural barrier to radionuclide movement. 

WIPP is located approximately 40 km east of Carlsbad, New Mexico and began 

accepting transuranic waste in 1999. The underground waste disposal facility is placed 

658 m below the surface in a 230-million-year-old layered salt formation called the 

Salado Formation. The Salado Formation is 600 m thick and contains layers of bedded 

halite, interbedded anhydrite, and clay layers.'^ It has a very low permeability and is 

geologically stable. Drums containing transuranic waste will be stacked in rooms 

excavated from the salt. When full, the rooms will be backfilled with either salt or a 

mixture of salt and bentonite.' ̂  Natural salt creep is expected to entomb the waste a few 

hundred years after emplacement, sealing the waste permanently within the Salado 

Formation. 

In 1980, Congress passed the Low Level Waste Policy Act (amended in 1985), 

giving the states have responsibility for developing repository sites for low-level waste. It 

was intended that the states would form compacts and work together to construct disposal 

sites.However, although disposal sites in Texas, New York and California were selected, 

intense public opposition made repository development impossible. Currently, only three 

sites for accepting low-level waste exist: Barnwell (located in Barnwell, South Carolina), 

Hanford (in Hanford, Washington), and Envirocare (in Clive, Utah). These sites were in 

operation prior to 1980. Hanford accepts waste from the Northwest and Rocky Mountain 

Compacts, Barnwell from all U.S. waste generators except those in the Northwest and 

Rocky Mountain Compacts, and Envirocare from all regions of the United States. Storage 
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methods vary from site to site. At the Barnwell site, the individual waste containers are 

placed in concrete vaults in earthen trenches and capped with earth, while at Envirocare, 

the wastes are stored in above-ground vaults, and at Hanford the waste is placed in drums 

or boxes and buried in trenches. 

Nuclear Weapons Production in the Generation of Radioactive Waste and 

Environmental Contamination 

The production of nuclear weapons requires the use of highly enriched uranium 

and plutonium, which are both obtained from uranium ore. The processes involved in the 

production of nuclear weapons from uranium-bearing ore and their role in the generation 

of radioactive waste are discussed below. A schematic of the nuclear weapons production 

cycle is shown in Figure 1.2. 

Mining and Milling Operations 

Much of the uranium used for the Manhattan Project came from deposits in the 

Belgian Congo. This was supplemented with uranium-containing ores and concentrates 

from Canada and from small mines on the Colorado Plateau. In 1948, the AEC instituted 

a program encouraging domestic mining and milling of uranium ore, resulting in a 

dramatic growth in the uranium industry in the United States.' 

Milling of domestically-produced uranium ores generally occurred close to the 

largest mine within the mining district.'Milling involved isolating uranium octoxide 
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(UsOg), also called yellowcake, from the ores. Generally the ore was crushed or ground to 

a fine grain size and mixed with water. The material was generally leached with a sulfuric 

acid solution to solubilize XJOi*, and the clay and sand-sized particles allowed to settle 

out. A solvent extraction or ion exchange step was then used to separate U02^^ from 

impurities. In areas where the gangue (rock matrix) contains calcium carbonate-bearing 

minerals, the less-efficient carbonate extraction process was used, followed by the 

addition of sodium hydroxide to cause precipitation of Na2U207 from solution. This can 

then be roasted to produce UsOg. Uranium ore mined in the United States generally yields 

not more than 5 pounds of uranium per ton.' " The milling processes left large quantities 

of aqueous slurries of clay and sand-sized material, which were pumped to tailings ponds 

where the water evaporated or seeped into the ground' Large tailings piles of dried 

material accumulated around the ponds over the course of time. 

Tailings piles typically contain low concentrations of radioactive uranium, 

thorium, radium, as well as heavy metals, and are a significant source of ^^^Ra gas.' 

Despite the hazards associated with them, mill tailings were sometimes used as landfill 

and construction material, further spreading contamination off site.' Tailings piles were 

often uncovered, resulting in dispersal of material by wind and rain. Leaching of uranium 

and other metals may contribute to ground and surface water contamination, and in the 

past accidental releases of tailings solutions also occasionally occurred.'" In 1978, 

Congress enacted the Uranium Mill Tailings Radiation Control Act (UMTRCA), 

establishing a Federal and State funded program for remediation of abandoned mill 

tailing sites. Many of these tailings piles have now been capped with compacted clay 
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toact as a radon barrier, control erosion and minimize leaching.' " Groundwater 

remediation at these sites is set to be completed by 2014.' " 

Refining 

The U3O8 produced from the milling process had to be purified and chemically 

converted to forms suitable for enrichment or fuel and target fabrication. During WWII, 

refining of UsOg took place at various facilities in New York, Massachesetts, New Jersey, 

Permsylvania, Ohio, and Missouri. After the war, refineries were consolidated and in the 

early 1950's two government-owned feed materials plants were constructed, the Weldon 

Spring Plant in Missouri, and the Feed Materials Production Center in Femald, Ohio.' 

The primary purpose of these plants was to produce high-purity uranium metal products 

for use in plutonium processing at other facilities. Refining also took place at Oak Ridge, 

Tennessee. 

At the Femald site, UsOg was first purified, then converted to uranium metal. 

Impurities such as boron, cadmium, chlorine and many of the rare earth elements were 

removed by dissolving UaOg in nitric acid, and extracting the resulting U02(N03)2 

complex into a kerosene phase using tributyl phosphate (TBP), diethyl ether, or methyl 

1 1 ^ 
isobutyl ketone (hexone). The impurities remained in the aqueous phase. Finally, the 

U02^^ was reextracted into the aqueous phase with dilute HNO3 and concentrated by 

evaporation to crystalline U02(N03)2-6H20. This was heated to yield UO3, which was 

either shipped to a gaseous diffusion plant for enrichment or reduced on site to UO2 and 

hydrofiuorinated with HF to form UF4 (also called "green salt"). Unenriched uranium 
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could then be reduced to metal or converted back to an oxide for fabrication into reactor 

fuel elements. UF4 could also be converted to UFe for use as feed in the gaseous diffusion 

uranium enrichment process.' 

Wastes generated during the production processes included metals such as 

uranium, chromium, lead, volatile organic compounds (VOCs), polychlorinated 

biphenyls (PCBs), cyanide, and various radionuclides.' These materials were disposed 

of in pits or stored in drums, silos and scrap piles, as was accepted practice at the time. 

The waste pits at the Fernald site were estimated to contain -5000 metric tons of uranium 

before clean up operations began, and uranium is the main pollutant of groundwater and 

soil at the site.'' '^ Fernald is currently under remediation by the U.S. EPA, with an 

expected completion date in 2006.' 

Uranium Enrichment 

Uranium enrichment was necessary to produce material suitable for atomic 

weapons and was critical to the success of the Manhattan Project. The uranium 

enrichment process begins with natural uranium, containing 0.711% ^^^U, with the 

remainder as ^^^U, and produces enriched uranium (>0.711% ^^^U), depleted uranium 

(<0.711% U), and highly enriched uranium (>20% ^^^U). Enriched and natural uranium 

are made into reactor fuel elements to sustain the chain reaction while absorbing neutrons 

to produce ^^^Pu, while depleted uranium was used as weapons components and in 

reactor targets for the production of ̂ ^^Pu.' 
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Developing methodologies for the separation of and was one of the key 

technological challenges the Manhattan Project scientists faced in the development of the 

atomic bomb. Four processes for the isotopic enrichment of uranium were initially 

investigated, the gas centrifuge, thermal diffusion, electromagnetic spectrograph, and 

gaseous diffusion methods. Diagrams illustrating these enrichment methods are shown in 

Figures 1.3a-d. Although gram quantities were produced using the gas centrifuge method, 

in which gaseous UFe was spun rapidly enough so that UFe could become concentrated 

near the center of a centrifuge and be collected, technical difficulties prevented its 

implementation. The thermal diffusion, electromagnetic spectrograph, and gaseous 

diffusion techniques produced enriched uranium for the Manhattan Project.' Since 1946 

gaseous diffusion has been handled by plants at Oak Ridge, TN, Portsmouth, OH, and 

Paducah, KY.' Wastes generated by these enrichment plants, including uranium and 

other radionuclides, VOCs, and metals such as chromium, lead and mercury were often 

buried in drums, pumped to on-site waste treatment ponds, or discharged to streams on 

site. Leakage from these disposal sites have since caused severe contamination of soil and 

groundwater.' 

Uranium Processing and Fabrication Processes 

Enriched uranium was converted from uranium hexafluoride gas to powdered 

uranium oxide or uranium metal at the Femald and Weldon Spring Sites. The depleted 

and low-enriched uranium was extruded into metal billets and tubes and sent to the 

Savannah River Site in South Ceirolina for manufacture into targets for plutonium 
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production. Low-enriched uranium was also sent to the Hanford Site in Washington to 

provide fuel and targets in the reactor there. Highly enriched uranium metal was used for 

fuel rods for certain reactors and for nuclear warheads. Highly enriched uranium metal 

from the spent fuel of research reactors was recovered at the Idaho Chemical Processing 

Plant at the Idaho National Engineering Laboratory (INEL) and used as driver fuel for 

reactors at the Savannah River Site. Spent fuel from naval reactors was also processed at 

INEL.'^"^ Fuel manufacturing produced uranium metal scraps, uranium oxide, and acids 

and sludges from pickling, cleaning and recovery processes.' Wastes from the fuel and 

target fabrication processes was disposed of in pits, sludge ponds and waste lagoons on 

site, or in the early years of operation of the Savannah River Site, discharged to 

streams.'^ These wastes contained uranium and other metals, metal-degreasing solvents 

such as trichloroethylene and perchloroethylene, acids and bases.' 

Nuclear Reactor Operations 

Six nuclear reactors used for research and for the production of nuclear materials 

were in operation during World War II.' Two of these reactors were located at the Palos 

Forest Preserve outside Chicago, one at Oak Ridge, TN, and three at Hanford, WA. After 

the war, five production reactors and one test reactor were built at the Savannah River 

Site in Georgia, and five new reactors for plutonium production began operation at 

Hanford. By 1992, all of these reactors had been shut down. 

The first reactors for the most part used metallic uranium as fuel and for 

plutonium production. However, uranium metal can swell due to the volume increase 
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caused by solid fission products and fission gas bubble nucleation and growth; thus, 

beginning in the early 1960's many reactors were designed to use ceramic uranium 

dioxide pellets as fuel.' Most commercial reactors in the United States use uranium 

dioxide, and so much of the spent fuel destined for Yucca Mountain is of this type. 

During reactor operations, the highly radioactive spent fuel and target materials 

were sent for chemical separations. However, much of the spent nuclear reactor fuel and 

irradiated targets generated after closure of chemical reprocessing facilities, but before 

reactor shutdown, is now currently in storage at Hanford, the Savannah River Site, and at 

various other facilities around the United States.' Nuclear reactors required vast 

amounts of water to cool reactor cores. High neutron flux of the reactor core created 

radionuclides such as ""Ca, ^'Cr, and ^^Zn in cooling water. Fuel cladding failures 

sometimes led to contamination with fuel fission elements, such as '^'Cs, ^°Sr, tritium, as 

• 117 well as uranium and plutonium. Most environmental contamination from reactor 

operations was the result of deliberate or accidental discharges of radioactive reactor 

effluent to rivers and streams and to leaks in effluent retention basins or ponds. The 

volumes of these releases could be enormous. For instance, it is estimated that 350 billion 

gallons of wastewater generated by Hanford production reactors was disposed of to the 

ground between 1945 and 1991, inducing changes in groundwater flow velocity and 

direction.' 

These releases resulted in radionuclide contamination of river and stream 

sediments as well as of groundwater and soils in areas near retention basins.'Mercury 

from pumps, lubricating oils, solvents and acid solutions used to decontaminate reactor 
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equipment also were disposed of to ditches or ponds in the reactor areas. Solid wastes, 

such as worn out or obsolete reactor components, as well as contaminated clothing and 

supplies used by employees at the plants were regularly buried.' 

Chemical Separations 

A series of chemical steps were necessary in order to separate plutonium from 

other fission products and from the uranium present in irradiated reactor fuel and targets. 

Three basic processes were used on a production scale for chemical separations in the 

years from 1943 to 1993, when the last of the plants finally closed. A discussion of these 

processes can be found in more detail in references 1.4 and 1.17-1.20. 

The bismuth-phosphate process was the first chemical separations method 

developed, and was used at Hanford from about 1944 to 1956. A generalized schematic 

of this process is shown in Figure 1.4. The process consisted of three major steps; 

dissolution, extraction and decontamination. In the dissolution stage the fuel rods were 

first placed in boiling sodium hydroxide to dissolve the aluminum cladding. The coating 

removal waste was sent to large storage tanks called High Level Waste (HLW) tanks. 

Fuel rods and targets were dissolved in nitric acid. In the extraction step PuOi^^ was 

reduced to Pu'*^ and sulfuric acid was added to form uranyl sulfate complexes. Bismuth 

nitrate and phosphoric acid were then added to the dissolved fuel solution, causing the 

precipitation of BiP04, which acted as a 'carrier' for coprecipitation of Pu3(P04)4. Uranyl 

sulfates remained in solution and were removed through centrifugation, along with 



41 

Spent fuel (Pu finishing, 

r 

Coating Removal 
Waste 

(aluminum) 

Coating removal 
with NaOH 

Dissolution in 
nitric acid 

Coating Removal 
Waste 

(aluminum) 

Coating removal 
with NaOH 

Dissolution in 
nitric acid 

Coating removal 
with NaOH 

Dissolution in 
nitric acid 

Pu3(P04)4 
+ 

BiPO, 

1) Dissolution 
2) Pu''+ ^ PuO; 2+ 

1) Dissolution 
2) Pu''^ -> PuO; 

Byproduct 
precipitation^ 

Pu3(P04)4 
+ 

BiPO. 

High Level 
Waste Tanks 

Uranium and 
fission 

products 

Lanthanides 

PuOj^^ ^ Pu''^ 

Settling 
Tanks 

1) Dissolution 
2) Pu''^ ^ PuO; 

Retention 
Basins 

2+ 

3) BiP04 precipitation 
4) HF, La3+ 

PU02(N03)2 
Paste 

1) Dissolution 
2) Concentration 

PuO, 

1) Dissolution 

2) H2O2 

Pu/La 
oxides 

1) Dissolution 
2) KOH 

La3+ - Pu4+ 

fluorides 

Pu02^+ Pu' 

LiFj 
Byproduct 

precipitation 

,4+ 

Figure 1.4 The bismuth-phosphate cycle. Figure adapted from reference 1.4. 



42 

neptunium and some fission products. The Pu-containing BiP04 precipitate was dissolved 

in nitric acid, and Pu"^^ reoxidized to PuOa^^ using sodium bismuthate or potassium 

permanganate. Sodium dichromate was added to prevent reduction of Pu02^^. Bismuth 

phosphate precipitated as a byproduct. The extraction step was followed by two 

decontamination cycles to remove fission products and reduce the gamma activity level. 

These decontamination cycles essentially repeated the extraction step. 

In the final purification stages lanthanum fluoride was used in place of bismuth 

phosphate as a 'carrier'. This process removed the lanthanide impurities from the 

product. In the final stages of the process La^^ - Pu"^^ mixed crystal fluorides were 

formed, dissolved, and reacted with KOH to form solid plutonium lanthanum oxides. 

These oxides were then redissolved in nitric acid, and the plutonium precipitated as 

plutonium peroxides, which were redissolved in nitric acid. The plutonium nitrate-

containing solution was placed in small cans and boiled to reduce the contents to a wet 

Pu(N03)2 paste. Before 1949, the paste was shipped to Los Alamos for processing, after 

that time it was processed on site. Generally 95% Pu recovery was achieved using the 

bismuth phosphate method. 

The bismuth phosphate process was a relatively inefficient batch process, and 

generated large amounts of chemical and radioactive wastes. In addition, the process left 

the scarce and precious uranium in the waste stream. For these reasons, continuous-flow 

solvent extraction processes that would recover uranium as well as plutonium were 

developed. The first of these was the REDuction OXidation (REDOX) process, in use at 

Hanford from 1949 to 1967. Methyl isobutyl ketone (MIBK; also knovm as hexone) 
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already in use at the time for the purification of uranium ore concentrates, was used as the 

solvent.' A schematic of the REDOX process is shown in Figure 1.5. 

The REDOX process began with the dissolution of the irradiated fuel elements in 

nitric acid to form the feed. Plutonium in the feed was oxidized with dichromate to 

Pu(VI), as this oxidation state of plutonium has the highest distribution coefficient into 

hexone. Countercurrent flow, in which the aqueous phase was sent downwards through 

the upward-flowing hexone phase, was used in the extraction, partition and stripping 

steps. In the extraction step, UOaCNOa)! and Pu02(N03)2 were extracted into MIBK, 

while the bulk of the fission products remained in the aqueous phase waste stream. As 

MIBK is decomposed by high concentrations of nitric acid, aluminum nitrate was used as 

a salting out agent, to improve extraction efficiency. During the partition step, plutonium 

was reduced to Pu(III) using ferrous sulfamate, forming Pu(N03)3, which partitioned into 

the aqueous phase. Uranium remained in the MIBK phase. In the stripping stage, uranium 

was transferred back to the aqueous phase using a dilute solution of nitric acid. 

Additional cycles of solvent extraction served to further purify the separated plutonium 

and uranium. The MIBK solvent was decontaminated, tested for purity, combined with 

fresh hexone and reused. Plutonium recovered from the REDOX process was reduced to 

plutonium metal while uranium was shipped to Oak Ridge, TN to be recycled as feed for 

the uranium enrichment plants.' 

While the REDOX process was more efficient than the bismuth-phosphate 

process, the need for plutonium and uranium outstripped the REDOX plant capacity 

during the early years of the Korean War. The REDOX plant was also expensive to 
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operate in terms of fresh chemical consumption and waste generation, as the aluminum 

nitrate salting out agent could not be recycled and reused. In addition, the low flash point 

of hexone required that much of the plant be built to explosion-proof standards.' To 

reduce operating costs and increase efficiency a new solvent extraction process— the 

Plutonium/URanium Extraction, or PUREX, process— was developed in the early 

1950's and used at the Savannah River Site, Hanford and INEL.' 

A schematic of the PUREX process is shown in Figure 1.6. The PUREX process 

is very similar in principle to the REDOX process. PUREX uses 30% tributyl phosphate 

(TBP) in kerosene as the solvent in the extraction process. TBP is less volatile and less 

flammable than MIBK, and is not as easily degraded by nitric acid, allowing its use as a 

salting agent in place of aluminum nitrate. As nitric acid can be removed by evaporation, 

the volume of waste generated by PUREX is far less than that generated by REDOX. The 

PUREX process is currently used worldwide for the reprocessing of nuclear fuel from 

nuclear reactors. 

Wastes generated from chemical separations processes were disposed of 

according to level of radioactivity. High level waste from chemical reprocessing activities 

contained fission products, plutonium, uranium, aluminum, solvents, cyanides, heavy 

metals, organic acids, and other chemicals used in reprocessing. These wastes were 

placed in underground tanks made of reinforced concrete lined with steel plate or of 

carbon steel encased by concrete, and are currently stored in place at Hanford, Savarmah 

River, and INEL.' Approximately 1 million gallons of the wastes stored at Hanford 

leaked into the soil below the tanks when tanks corroded.' 
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Disposal of low-level and transuranic liquid chemical separations wastes was to 

ponds, ditches and French drains. Although radiation levels were generally low, these 

wastes often contained solvents such as carbon tetrachloride, TBP and MIBK. 

Fabrication of Weapons Components 

Three major types of nuclear weaponry have been fabricated and tested over the 

years: pure fission weapons, boosted fission weapons, and thermonuclear weapons. 

Boosted fission uses tritium-deuterium fusion reactions to increase the number of 

neutrons available for fission reactions. In thermonuclear weapons a primary fission 

reaction triggers a secondary thermonuclear reaction. 

Fabrication of nuclear weapons components includes the manufacturing and 

assembly efforts as well as the testing of nuclear and nonnuclear parts and components. 

Nuclear components are located in the pit or the trigger as part of the primary assembly 

of the weapon. In a modem thermonuclear weapon these include plutonium, highly 

enriched uranium, and tritium-deuterium gas. Lithium-6 deuteride, uranium-238, and 

uranium-235 or plutonium-239 are located in the secondary assembly.' A schematic of 

the Teller-Ulam design for a thermonuclear weapon is shown in Figure 1.7. Through the 

late 1940's, fabrication of nuclear components occurred at the Los Alamos laboratory. 

After 1948, component manufacturing moved to Hanford, the Oak Ridge plant, and the 

Rocky Flats Plant in Colorado.' 

Wastes from component manufacturing at Rocky Flats included aqueous liquid 

wastes from plutonium processing, and plutonium-contaminated machining oils and 
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carbon tetrachloride and trichloroethylene degreasing solvents. Aqueous wastes were 

discharged to ponds, and liquid organic wastes were stored in drums and either buried or 

stored outdoors. Many of the drums eventually corroded and leaked. Radioactive solid 

wastes were buried in trenches or disposed of in mounds or burning areas.' 

Research and Development 

Research and development has always been an integral part of the nuclear weapons 

program from the Manhattan Project on. In the years prior to 1942, nuclear physics 

research in the United States was conducted at a variety of universities around the United 

States. By mid 1942, research in this field had become concentrated at Columbia 

University, U.C. Berkeley, and the University of Chicago. Commercial companies such 

as Westinghouse Electric Company, Monsanto Chemical Company, E. I. du Pont de 

Nemours, and the Malinckrodt Chemical Works were also involved in Manhattan Project 

research.' The first centralized location for atomic bomb research and production was 

constructed at Los Alamos in late 1942. The primary mission of the Los Alamos facility 

was to develop a nuclear weapon. To do this the physical, nuclear and chemical 

properties of the recently discovered uranium and plutonium elements had to be 

determined, processes for purifying and fashioning plutonium and uranium metals had to 

be developed, and the final bombs engineered and built. The effort culminated in the 

successful atom bomb exploded at the Trinity test site in New Mexico a little over two 

years after the Los Alamos facility opened. 
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After the war, Los Alamos continued to operate as a weapons design facility, 

while the Sandia and Livermore laboratories were opened in 1949 and 1952, respectively. 

Over the years these laboratories have served to investigate the chemical, physical and 

metallurgical processes of nuclear materials, to develop manufacturing techniques to be 

used at productions facilities, and to evaluate weapons design.' 

Radionuclide-containing wastes from these research facilities were disposed of in 

a similar fashion to other facilities in the nuclear weapons complex—buried in or 

discharged to trenches or pits, placed in deep shafts in the ground, or simply discharged 

to streams. These modes of disposal resulted in significant soil and water contamination 

and remediation of these sites is ongoing. 

Testing 

Testing of nuclear devices was the final step in the nuclear weapons production 

cycle. The first test took place July 16, 1945 above ground at what is now the White 

Sands Missile Range 55 miles northwest of Alamogordo, New Mexico. Between 1946 

and 1962, atmospheric and underground tests conducted by the U.S. took place in the 

Marshall Islands, Christmas Isleind, Johnston Atoll, over the South Atlantic Ocean, and at 

1 22 the Nevada Test Site. After 1962, all nuclear tests conducted by the U.S. were 

subsurface tests and most took place at the Nevada Test Site. In total, more than 800 tests 

were conducted at the Nevada Test Site, approximately one third of which took place in 

the saturated zone.'^^'' 
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Detonation of a nuclear device underground releases enough energy to vaporize 

both itself and the geologic media in its vicinity. The shock wave generated by the 

explosion also causes compression of the geologic material, creating a cavity. After 

detonation, the vaporized rock and nuclear materials begin to condense, forming a puddle 

of melt glass at the cavity floor, and a coating on the cavity walls. Groundwater 

ultimately flows back into the cavity; radionuclide release is dependent on the pH, 

temperature, and groundwater chemistry, which affect the dissolution rate of the glass. A 

recent study has found that plutonium, cesium, europium and cobalt associated with 

colloids migrated -1.3 km from the test site in -30 years,'^"^ demonstrating the 

importance of colloids in radionuclide transport. 

Environmental Chemistry of Uranium 

Once radionuclides are accidentally or deliberately released into the environment, 

their main mode of transport is in water. Evaluating the mobility of radionuclides requires 

an understanding the aqueous chemistry of individual radionuclide species, the chemical 

and hydrological properties of the contaminated water, and the chemical characteristics of 

the soil or aquifer material through which transport occurs. An understanding of the 

effects of the solid phase on the adsorption and desorption behavior of individual 

radionuclide species is also required. Finally, potential interactions with microorganisms 

must be considered. Due to the complexity of the subject matter, only a generalized 

discussion of the factors affecting uranium chemistry and mobility will be described in 
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the following paragraphs. Many of the aspects of the environmental chemistry of uranium 

can be applied to other actinides as well. 

Aqueous Speciation in Natural Waters 

Uranium speciation in the low-temperature aqueous environment is dictated by 

the redox potential and the pH of the solution phase, as well as the concentrations of 

potential ligands and the solubilities of uranium-bearing solid phases. Under reducing 

conditions and in the pH range of natural waters (redox potential, or Eh, ranging from 

-0.4 V at pH 9 to 0.2 V at pH 5, at a typical groundwater CO2 partial pressure of 10^^ 

atm), uranium occurs in the tetravalent state.' The low solubility of the common U(IV)-

containing minerals uraninite [U02(c)], pitchblende [U02(am)], and coffmite [USi04] 

means that the concentration of U(IV) in groundwater is generally less than 10"^ M.' ^^ 

However, spent nuclear fuel requiring geologic disposal is mainly in the form of UO2, so 

a thorough understanding of U(IV) chemistry is quite important for predictions of 

potential uranium mobility in geological repositories. 

Under oxidizing conditions, uranium is found in its hexavalent oxidation state as 

"y I 
uranyl, UO2 . U(VI)-containing species are for the most part quite soluble. U(VI)-

containing ore minerals are often formed by oxidation and weathering of U(IV) ore 

• • • • 1 9 S minerals or by evaporative concentration of dissolved U(VI). Common U(VI)-

containing ore minerals are camotite [K2(U02)2(V04)2] and tyuyamunite 

[Ca(U02)2(V04)2]. 
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Uranyl hydroxyl and carbonate complexes are the dominant uranium species in 

most waters. The relative importance of these complexes in natural waters is dependent 

on the total concentration of U(VI), pH and the partial pressure of CO2. In the absence of 

carbonate, hydrolysis of uranyl produces monomeric, polymeric and colloidal uranyl 

species, with monomeric species predominating at lower solution concentrations of 

U(VI) and polymeric species at higher concentrations. To illustrate this, calculated 

distributions of monomeric and polymeric uranyl hydroxide species for 10~^ and 10~^ M 

solutions of U(VI) (for pCOi = 0 bar) are shown in Figures 1.8 a and b.* Formation 

constants for uranyl species are taken from Guillaumont et al.'^' and are tabulated in 

Table 1.1. The uranyl hydroxyl species are strongly adsorbed to mineral surfaces as well 

as to colloidal particles such as clays and metal hydroxides. Continued hydrolysis and 

polymerization can also result in the formation of intrinsic colloids. Colloid-facilitated 

transport is thought to be a major mechanism contributing to the migration of actinides in 

groundwater.'^"^ 

Bicarbonate and carbonate are the most important anionic species in typical 

ground and surface waters. Uranyl forms strong complexes with carbonate that replace 

the uranyl hydroxyl complexes at higher pH (pH >5). The effect of solution carbonate 

concentration on the speciation of uranyl for typical surface waters (pC02 = 10^^ bar) 

_2 Q and groundwaters (pC02= 10 bar) is shown in Figures 1.9 a and b, respectively. 

Uranyl carbonate species only weakly interact with mineral or oxide surfaces, and thus 

'PHREEQC vers. 2.8 was used for these calculations. The PHREEQC mass transfer code was developed by 
David L. Parkhurst'^^ and is distributed free of charge by the U.S. Geological Survey. The software and 
documentation are available at http://wwwbrr.cr.usgs.gov/projects/GWC_coupled/phreeqc/ 
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Table 1.1 Formation constants for uranyl hydroxides and carbonates. 

Species Reaction Logio K" ̂  
U020H^ H2O + U02^^ = H+ + U020H^ -5.250 
U02(0H)2 2H2O + U02^^ = 2H^ + U02(0H)2(aq) -12.150 
U02(0H)3" 3H2O + U02^^ = 3H^ + U02(0H)3" -20.250 
U02(0H)4^ 4H2O + U02^^ = 4H^ + U02(0H)/" -32.400 
(U02)20H'^ H2O + 2U02^^ = + (U02)20H'^ -2.700 
(U02)2(0H)2'^ 2H2O + 2U02^^ = 2H^ + (U02)2(0H)2^^ -5.620 
(U02)3(0H)/^ 4H2O + 3U02^^ = 4H^ + (U02)3(0H)4'^ -11.900 
(U02)3(0H)5" 5H2O + 3U02^^ = 5H^ + (U02)3(0H)5^ -15.550 
(U02)3(0H)7' 7H2O + 3U02'^ = 5H^ + (U02)3(0H)7^ -32.200 
(U02)4(0H)7^ 7H2O + 4U02^^ - 5H^ + (U02)4(0H)7^ -21.900 
U02C03 COi'~ + U02'^ = UOiCOjCaq) 9.940 
U02(C03)2'" 2C03^" + U02^^ - U02(C03)2^" 16.610 
U02(C03)3'" 3C03^" + U02^^ - U02(C03)3^" 21.840 
(U02)3(C03)6'" 6CO3'" + 3U02'^ = (U02)3(C03)6''" 54.000 
(U02)2C03(0H)3" C02(g) + 2U02'^ = (U02)2C03(0H)3" -19.010 
(U02)20(0H)2(HC03)^ C02(g) + 2U02'^ = (U02)20(0H)2(HC03)'^ -17.500 

^ Data from Guillaumont et al.'^^ 
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limit adsorption of uranium in a typical oxidizing environment. In addition, the solubility 

of uranyl minerals is increased in the presence of carbonate due to the formation of 

1 9 S 
uranyl carbonate species. Thus, the overall effect of the carbonate ligand 

is to increase uranium concentration in solution and decrease surface concentrations, with 

the overall effect of increasing uranium mobility. 

In addition to carbonate, fluoride, phosphate, and sulfate ligands may also 

contribute to uranium aqueous speciation in some systems, but their concentrations are 

• 1 28 * typically low in natural waters. Organic acids, such as humic and fulvic acids, and low 

molecular weight aliphatic, amino, mono-, di-, and tricarboxylic acids comprise a 

significant fraction of the dissolved organic carbon (DOC) present in soils and 

1 29 groundwater and can also form complexes with uranium. 

The effect of DOC on uranium transport is complex. Complexation of the uranyl 

or uranous ions by humic substances can retard uranium transport, if the uranium-humic 

complexes can adsorb to mineral surfaces. Conversely, uranium can be transported more 

easily by humics if surface sites are saturated.'^'' In addition to the effects of dissolved 

humic acids, humic colloids migrating with groundwater flow have the potential to 

131 transport uranium long distances. Complexation by low-molecular-weight acids can 

solubilize radionuclides, with the resulting complexes easily transported in soils' and 

taken up by vegetation;in fact, uranium solubilization and complexation by 

1T3 1*3^ 11A 
organic acids form the basis of some remediation techniques. > • 
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Adsorption to Subsurface Materials 

In typical soils and groundwaters, the solid-water interface plays a crucial role in 

regulating concentrations and influencing speciation of dissolved metals.'^' Surface 

concentrations of trace metals, including uranium, are often much greater than solution 

concentrations; therefore, understanding uranium surface chemistry is important in 

understanding its mobility.Important sorbing materials in the environment include 

hydrous iron and aluminum oxide phases, and the silicate minerals including clays. 

Regardless of sorbent, in the absence of CO2 or other complexing ligands, uranium 

adsorption is greatest in the pH range from 5 to 8.5, where hydroxyuranyl complexes 

predominate (Figures 1.8a and b). In the presence of CO2, adsorption of uranium 

* 138 1 39 generally begins to decrease at pH > ~6-7, ' above which uranyl carbonate species 

begin to increase in abundance (Figures 1.9a and b). 

Iron(III) oxyhydroxides are commonly found as accessory minerals or as surface 

coatings in oxidized soils and aquifer materials. Because of their ubiquity and their strong 

sorptive ability for uranium, the iron(III) oxyhydroxides form the most important sorbent 

• 125 for uranium in the environment. For this reason, uranium interactions with these 

minerals have been extensively studied. 

Common iron(III) oxyhydroxide minerals are ferrihydrite, goethite, hematite, 

lepidocrocite, and maghemite, with the first three being the most important. Ferrihydrite, 

also called hydrous ferric oxide (HFO), is a partially amorphous material with the 

formula Fe(0H)3 • riWiO, formed initially by hydrolysis of Fe(III) and precipitation of 

Fe(0H)3. Ferrihydrite can crystallize to form either goethite or hematite. Goethite (a-
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FeOOH), is the most thermodynamically stable and thus most abundant iron(lll) 

oxyhydroxide mineral in cool climates, whereas hematite (FeiOa) is common in soils in 

warm regions.^Lepidocrocite (y-FeOOH) and maghemite (Y-Fe203) are less stable than 

goethite and hematite and form minor constituents of soils in temperate and tropical 

1 25 climates, respectively. 

Adsorption and desorption reactions of uranyl with goethite are rapid, reaching 

equilibrium in a matter of hours.' Results from extended x-ray absorption fine structure 

9+ 
spectroscopy (EXAFS) suggest that UO2 ions adsorb to goethite and ferrihydrite 

through an edge-sharing mechanism with Fe(0,0H)6 octahedra, forming mononuclear 

bidentate inner sphere complexes, as shown in Figure 1.10.'^^'' The edge-sharing 

mechanism is possible in the case of these minerals because the lengths of unshared 

edges in Fe octahedra (2.93-3.02 A) and distances between oxygens in the uranyl 

equatorial coordination shell (2.89-3.05 A) are well-matched.'At long time periods, 

adsorbed uranyl may become sequestered within goethite as fresh amorphous ferrihydrite 

is deposited on the surface, or simply diffuse into the solid material, making removal very 

difficult.'^'' 

Aluminum comprises approximately 7% of solid soil material by weight, and is 

one of the most abundant elements present in soils.'Aluminum hydroxides and 

oxyhydroxides in soils are the result of weathering of primary aluminosilicate minerals, 

such as feldspars. Gibbsite (y-Al(0H)3) is by far the most common crystalline aluminum 

mineral in soils, although large amounts of amorphous or poorly crystallized aluminum 

hydroxides and oxyhydroxides are also present. Crystalline and amorphous aluminum 
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Figure 1.10 Proposed structure for uranyl sorption complex on goethite and 
ferrihydrite. Figure adapted from Waite et al.'^^ 
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hydroxides have essentially the same structure and chemical characteristics.' The 

surfaces of the common, readily available, aluminum oxide polymorphs y-A^Oa and a-

AI2O3 are hydroxylated in water and are available as high-surface-area powders that 

maximize adsorbate loading; thus, they are frequently used as model surfaces to study 

adsorption reactions that may occur at hydroxylated sites on gibbsite, the amorphous 

aluminum species, and clay mineral edges.' While numerous investigations have been 

conducted into the surface interactions of transition metals and organic and inorganic 

ligands to the aluminum oxides, hydroxides and oxyhydroxides, only a handful of studies 

on the surface interactions of uranyl with any of these materials have been completed. 

As the case with other oxides, uranyl adsorption on a-AlaOs and gibbsite reaches 

a maximum at near-neutral pH.' Unlike the case with the Fe(III) oxyhydroxides, 

where uranyl adsorbs in a mononuclear bidentate fashion, there is some evidence from 

EXAFS for the formation of inner-sphere polynuclear surface complexes on y-AliOa, 

although their structures have not been defined.' One study using grazing angle x-ray 

absorption fine structure spectroscopy (GIXAFS) has shown that bidentate adsorption of 

uranyl on a-AiOa occurs at AlOe octahedral edge sites, which have an 0-0 distance of 

2.61 A.' 

Silicate minerals constitute more than 90% of the earth's crust and comprise the 

bulk of soils and aquifer materials.'^' Silicate minerals predominating in the sand and 

silt-size fraction of soils and aquifer materials are the olivines, pyroxenes, amphiboles, 

micas, feldspars and quartz, while the clay-size fraction is dominated by the phyllosilcate 

minerals.'^' Weathering processes also release silica to solution, where it occurs mainly 
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1 
as silicic acid. While the bulk of the dissolved silica remains in solution, amorphous 

1 
SiOi colloidal or gel-type materials may also form. 

Silica gel is frequently used as a model substrate to study adsorption reactions that 

may occur on amorphous forms of silica found in the environment, as well as at clay 

mineral edge sites. Similarly to the iron and aluminum oxides, uranyl adsorption on silica 

gel reaches a maximum in the pH range where the hydrolyzed species are 

predominant.'^^ As in the case of uranyl adsorption to AI2O3, an EXAFS analysis 

indicates that uranyl may form oligomeric surface complexes or precipitates at the 

surface at pH values where the hydrolyzed uranyl species are predominant; uranyl in this 

case apparently interacts with the surface through bidentate complexation at Si04 

tetrahedral edge sites, with each uranyl group bound to adjoining uranyl groups as 

well.' At lower pH, where the aquated U02^^ ion is most important, bidentate 

mononuclear complexes are formed; again, adsorption is though to be at edge sites of the 

Si04 tetrahedra.' Measurements using time-resolved laser-induced fluorescence 

spectroscopy (TRLIFS) indicate that two surface complexes with distinct fluorescence 

lifetimes exist within the pH range of 4-9.'^^ The surface complex formed at lower pH 

was postulated as ^SiOiUOi, and the higher pH species as ̂ SiOiUOiOH".' ̂ ^ 

Phyllosilicate minerals have continuous sheet structures comprised of stacked 

crystalline aluminosilicate layers. These aluminosilicate layers may be separated by 

adsorbed cations (Na^, Ca^ or K^) or water molecules.Each aluminosilicate layer itself 

is composed of sheets of tetrahedrally-coordinated Si'^^ linked through shared oxygens to 

sheets of octahedrally coordinated Al^^. In some cases, Al^^ or Fe^^ may partially 
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substitute for Si"^"^ in the tetrahedral layer, while Mg^^, Fe^^ or Fe^^ may partially 

substitute for Al^^ in the octahedral layer.Clays are grouped according to the number 

of tetrahedral to octahedral sheets in one layer. The most important of these clay groups 

are the two-layer and the three-layer phyllosilicates. Two-layer phyllosilicates contain 

one octahedral sheet linked to one tetrahedral sheet through sharing of apical oxygens, 

while three-layer phyllosilicates contain one octahedral sheet linked to two tetrahedral 

sheets (Figures 1.11a and b). The adsorbed interlayer cations serve to balance the 

generally negative net charge of the crystal lattice caused by the partial substitution for 

Al^"^ in octahedral sites by Mg^^ or Fe^^, and the partial substitution for Si"*"^ in the 

-3 I 
tetrahedral sites by Fe or A1 . 

Some of the most important of the clays are the montmorillonites, which belong 

to the three-layer phyllosilicate group. Montmorillonites have an ideal composition of 

[Al3.i5,Mgo.85](Si8)02o(OH)4Xo 85 nH20, where X is a cation that counterbalances the 

layer charges. In iron-bearing montmorillonites some or all of A1 in the octahedral layer 

is replaced with Fe^^, and there may be some substitution of Fe^^ for Al^^ in the 

tetrahedral layer as well, depending on the source of the clay. 

A structural model of montmorillonites is shown in Figure 1.12. The 

aluminosilicate sheets are separated by a hydrated interlayer which can expand, or swell. 

The extent of swelling of the interlayer depends on water content of the clay, the type of 

interlayer cation, and the ionic strength of the solution. The silicate layers are negatively 

charged, and hydrated, exchangeable cations are bound to the silicate surfaces to partially 

compensate for this charge. The layer charge is a result of the isomorphous substitution 
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Figure 1.11 Phyllosilicate structure, a) Two-layer structure, b) three-layer structure. 
Figure adapted from reference 1.25. 
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Figure 1.12 Structure of montmorillonite. Iron and magnesium may substitute for 
aluminum. Aluminum may occasionally substitute for silicon. Figure 
adapted from reference 1.25. 



of lower valent ions for Al^^ or Si"^^ in the octahedral and tetrahedral layers, which causes 

unbalanced charges in the structural units of the clay. Much of this charge is compensated 

for by hydrated exchangeable cations bound to the inner silicate surfaces, but the overall 

charge on the clay is negative. Adsorption to these fixed-charge basal planes is thought to 

be controlled by electrostatic interactions. Adsorption may also occur at exposed 

aluminol and silanol groups which are a result of broken bonds at clay edges. Adsorption 

reactions occurring at these sites should be similar to those that occur at aluminol or 

silanol groups on alumina and silica gel. 

The results from several studies using EXAFS and fluorescence spectroscopy to 

examine uranyl adsorption to montmorillonite clays suggest that uranyl forms inner-

sphere complexes with the amphoteric silanol and aluminol groups at clay edges and 

outer-sphere electrostatic complexes at fixed-charge sites on the basal plane surface.' 

1.56-59 ionic strength and low pH, ion exchange is thought to be the dominant 

mechanism for adsorption, while at high ionic strength and high pH inner-sphere 

adsorption becomes more important,although there is also some evidence suggesting 

that adsorption occurs first to the more reactive clay edge sites and at exchange sites only 

1 57 1 58 when edge sites are filled. ' At least four surface complexes can be distinguished 

through their fluorescence emission spectra; these are thought to consist of a bidentate 

mononuclear inner-sphere surface complex at aluminol or silanol edge sites, a polymeric 

surface complex, and two distinct types of complexes at basal plane sites.' ' 

Polarized X-ray absorption near-edge structure (XANES) experiments have shown that 
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the electrostatically-bound uranyl moiety in outer sphere complexes is oriented parallel to 

the basal plane. 

Interactions with Microorganisms 

The important role played by microbial processes in controlling the speciation and 

mobility of uranium and the other actinides has only recently been recognized.' 

Microorganisms have the ability to reduce and oxidize actinide metals, both biodegrade 

and produce organic complexing agents, and induce the precipitation of insoluble actinide 

phases. In addition, actinide metals can adsorb very strongly to the microorganisms 

themselves, so that the motility of the microorganism affects the mobility of the adsorbed 

species. 

In order for growth, microorganisms require trace metal micronutrients, sources 

of phosphorus, nitrogen, sulfur and cellular carbon, and electron-donor and acceptor 

substrates. Many microorganisms can use the oxidized forms of metals, including U(VI) 

as terminal electron acceptors in the electron transport chain. Soluble U(VI) species are 

known to be reduced enzymatically to insoluble U(IV), which is removed from the 

aqueous phase through precipitation. Microorganisms can reduce and solubilize iron(III) 

and manganese(IV) oxides, releasing uranium adsorbed on the oxide surface or entrained 

within the oxide itself. In addition to affecting metal redox state via direct electron 

transfer reactions, microbial activity can also influence subsurface redox chemistry as a 

whole. Oxidation of organic carbon-containing material is controlled by the availability 

of terminal electron acceptors, the most important of which are oxygen, nitrate, Mn(IV), 
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Fe(III), sulfate and carbon dioxide, as well as by microbial species capable of utilizing 

these substrates.Under non-steady-state conditions, as might exist in an aquifer 

contaminated with organic materials, the redox state of a localized area of the aquifer can 

change from oxidizing to more reducing as each terminal electron acceptor is utilized. 

The redox potential of the aquifer can be correlated to the electron acceptor being used. 

The redox potential, of course, influences whether uranium will occur in the more soluble 

U(VI) or the less soluble U(IV) oxidation state. 

Microorganisms can affect uranium speciation and mobility through the 

production of siderophores and organic acids which can act as chelating agents for 

uranium, and through biodegradation of anthropogenic and naturally-occurring organic 

chelating agents that may be co-contaminants with uranium. Biodegradation of chelating 

agents not only removes potential binding agents for uranium from solution, but also 

liberates any complexed metal, which then may participate in any number of reactions 

that depend on the redox state, pH, potential complexing ligands and the partial pressure 

of CO2 in the aquifer. 

Although some metals are essential to growth, at high enough concentrations any 

metal ion may be toxic to microorganisms. In order to reduce metal toxicity, 

microorganisms have evolved various ways to remove metals from solution.' One 

method by which this is accomplished is through biosorption, probably the most 

important of the reactions mediated by microorganisms.' Biosorption reactions occur 

when metal ions specifically or non-specifically adsorb to cell walls or are immobilized 

by the extracellular secretions that make up biofilms. Cell walls contain a variety of 
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surface functional groups that may serve to complex uranium. These functional groups 

include phosphate, carboxylate, amine, sulfhydryl and hydroxyl groups, giving the cell 

wall a net negative charge. The adsorbed metals may form precipitates on the cell wall, 

with the accretions formed sometimes reaching the size of the cell itself Microorganisms 

can also reduce the toxicity of metals through intracellular accumulation, whereby metal 

ions are transported into the cell and converted to less toxic forms through binding by 

proteins or by precipitation. 

Intracellular accumulation and surface binding of metal ions result in the 

concentration of metals on or within the bacterial cell. Bacteria in the unsaturated zone 

tend to be associated with surfaces, where the nutrients required for growth are 

concentrated, potentially limiting mobility of any radionuclides sorbed to bacteria. The 

effect of biosorption can be significant: one laboratory study indicated that bacteria 

sorbed almost 10,000 times more plutonium than tuff on a per-gram-dry-weight basis.' 

Research Objectives of this Work 

As discussed this chapter, activities related to the nuclear weapons production 

cycle left significant volumes of soil and water contaminated with uranium and other 

actinides at many locations formerly associated with some aspect of the nuclear weapons 

production cycle. Each step in the production process had its own distinct chemistry, 

adding additional layers of complexity to the already complex soil and groundwater 

environment. Understanding how the components of these unique chemical mixtures 
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interact to affect the aqueous and surface chemistry of uranium and other actinides is 

important for the development of remediation strategies for these sites. 

The goals of this work are focused on the study of the solution and surface 

chemistry of U(VI), specifically its chemical interactions with complexing ligands and 

mineral surfaces. 

Specific goals of the research include: 

1.1 Investigation of the complexes formed between U(VI) and citric acid in solution 

using Raman, nuclear magnetic resonance and Fourier-transform infrared 

spectroscopies, as well as electrospray ionization mass spectrometry. 

1.2 Examination of the mechanisms by which U(VI) adsorbs to aluminum oxide 

minerals, both in the presence and absence of the citric acid complexing ligand. 

1.3 Investigation of the gas-phase chemistry of organic and inorganic complexes of 

U(VI) with the view of determining the feasibility of using ESI-MS to 

characterize U(VI) species in groundwater. 
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CHAPTER 2 

EXPERIMENTAL 

This chapter contains detailed information on the experimental techniques, 

instrumentation and materials used in the studies discussed in this dissertation. 

Materials 

Citric acid (Aldrich, 99.5%), trisodium citrate dihydrate (Aldrich, 99.5%), uranyl 

nitrate hexahydrate (Fluka, 98-102%), uranyl chloride trihydrate (All-Chemie LTD), 

potassium chloride (Aldrich, 99+%), ammonium carbonate (Alfa Aesar, 99.999%), 3-

(trimethylsilyl)propionic-2,2,3,3,-d4 acid sodium salt (Aldrich, 98 atom % D), dioxane 

(Mallinkrodt), deuterium oxide (Cambridge Isotopes, 99.9% D), and ammonium-d4-

deuteroxide (Isotel, 99% D) were used as received. Uranyl nitrate hexadeuterohydrate 

was prepared by recrystallizing uranyl nitrate hexahydrate from D2O. Water (18 Mf2, 

total organic carbon <10 ppb) was purified with a Milli-Q UV system (Millipore Corp.) 

Ammonium hydroxide (Fluka, >99%) was used for pH adjustment of samples for Raman 

and ESI-MS measurements, while sodium hydroxide (Aldrich 99.98%) was used for pH 

adjustment of samples prepared for ATR-FTIR measurements. Potassium deuteroxide 

(Aldrich, 98+%) D) and DCl (Aldrich, 99% D) were used for pH adjustment of samples 

prepared for '^C and 'H NMR measurements, while NaOH (Aldrich, 99.99%) and HCl 
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were used for samples prepared for NMR measurements. Acetonitrile (EM Science, 

99.8 or 99.99%) and methanol (J.T. Baker, HPLC grade) were used to prepare samples 

for ESI-MS measurements. Methanol-d4 (Cambridge Isotopes, 99.8% D) was used for 

certain ESI-MS experiments. The alumina used as a model soil sorbent (y,a-Al203, Alfa 

Aesar, 99.98%) has a specific surface area of 100 m^/g, a particle size range of 20 to 50 

a 
nm, and a 'true' density of 3.965 g/cm , as stated by the manufacturer. According to the 

manufacturer, ~ 80-95% of this alumina is in the y phase, with the rest in the a phase. 

The alumina was heated in a muffle furnace at 300-500° C for 8 to 10 h before use in 

order to remove any volatile adsorbed impurities and stored in a desiccator. 

Instrumentation 

Raman Spectroscopy. A block diagram of the Raman system is shown in Figure 2.1. 

Laser excitation for the Raman experiments was accomplished using 532.06 nm radiation 

from a Coherent Verdi Nd:YV04 laser. The initial polarization of light from the laser 

head is perpendicular to the plane of the optical bench. The incident beam at the sample 

was polarized perpendicular to the plane of incidence (s-polarized). A laser power of 75 

mW incident on the sample was typically used. A series of mirrors was used to direct the 

laser beam from the laser head to the sample. The laser was focused to a spot size of 0.2 

mm diameter on the sample using a planoconvex lens (150 mm focal length). Samples 

were positioned with respect to the collection optics using a custom-built X-Y-Z 

2 12 2 translation stage. ' 
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Figure 2.1 Block diagram of the Spex 1877 Triplemate Raman system. 
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A Minolta f/1.2 camera lens was used to collect scattered radiation at 90° with 

respect to the exciting laser beam and focus the light on the entrance slit of the 

spectrometer. A polarization scrambler was placed after the camera lens to correct for the 

different transmission efficiencies of parallel and perpendicularly polarized light through 

the spectrometer. A Spex 1877 Triplemate spectrograph equipped with 600 gr/mm 

gratings in the filter stage and a 1200 gr/mm grating in the spectrograph stage was used. 

The entrance slit of the spectrometer was set at 0.5 mm, the slit at the filter stage was 7.0 

mm, and the slit to the spectrograph stage was 50 |xm for a spectral bandpass of 2.7 cm~' 

when the spectrometer was centered at 950 cm~\ The detector in these experiments was a 

Princeton Instruments charge-coupled device (CCD) system based on a RTE-1100-PB 

CCD of pixel format 1100 x 330 that was thinned and back-illuminated. This CCD was 

cooled by liquid Ni to -90°C during use. 

Raman spectra were generally acquired on samples contained in sealed NMR 

tubes. Raman spectrochemical titration data were acquired in a continuous flow mode on 

samples pumped through an open-ended NMR tube. Raman spectra were calibrated using 

neon emission lines from a neon source lamp. The spectral precision is ±0.7 cm ' 

determined by comparison ofVs(U02) of 20 standard spectra of {U02(H20)5}^^-

containing solutions. 

Fourier Transform Infrared Spectroscopy. A block diagram of the Nicolet Magna 550 

Series FTIR spectrometer with a KBr beamsplitter and a mercury cadmium telluride type 

A (MCT-A) detector used in the collection of all IR spectra is shown in Figure 2.2. This 
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Figure 2.2 Schematic diagram of Nicolet Magna 550 FTIR spectrometer. 
M = mirror. 
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spectrometer is purged continuously with dry air from a Purge Gas Generator (Parker 

Balston Analytical Gas Systems, model 75-45). 

ATR-FTIR measurements were performed using a Twin Parallel Mirror 

Reflectance Attachment (TMPA) (Harrick Scientific Corporation) set at 45°. A Teflon 

internal reflection liquid cell (Harrick Scientific Corporation) was used for all ATR 

measurements. A 50 x 10 mm 45° parallelogram ZnSe ATR optical crystal was used as a 

reflectance medium. The experimental set up is shown in Figure 2.3. The angle of 

incidence and number of reflections were determined as described below. The angle of 

incidence was found to be 43°, and the number of reflections to be 12. ATR-FTIR spectra 

were typically acquired using 1000 co-added scans of both sample and reference at 2 

cm"' resolution with Happ-Genzel apodization. Data collection was performed using 

Omnic™ software provided by Nicolet. 

Beer's law is frequently used in ATR spectroscopy for quantitative analysis of 

aqueous and adsorbed species. This well-known relationship between absorbance. A, and 

concentration, C (in M), is described by: 

A = sbC (2.1) 

where e is the molar absorptivity (in M 'cm ') and b (in cm) is the pathlength of the light 

through the sample. In ATR, the pathlength is essentially the effective depth of 

penetration of the IR beam into the sample and is designated as dgff. In the case of planar 

ATR optics such as those used for the experiments described in this dissertation, parallel 
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Figure 2.3 Diagram of the Harrick TMPA accessory. 
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and perpendicular polarized IR light interact differently with the sample, and thus, deff is 

polarization dependent. FTIR spectrometers have a polarization ratio that may vary -30% 

over the wavelength range from 4000 - 500 cm"', affecting the value of deff.^^ Therefore, 

a very efficient polarizer should be used when doing quantitative work. However, if the 

spectrometer polarization ratio is knovm, accurate values can be obtained for deff even if 

no polarizer is used, or if an inefficient polarizer is used.^^ For the work described here, 

the wavelength-dependent polarization ratio of the IR radiation at the sample (defined 

relative to the plane of incidence) for the Magna 550 FTIR was calculated as described in 

Sperline, and is shown in Figure 2.4. An Optometries ZnSe wire grid polarizer with a 

polarization efficiency of 99.96% was used to determine the polarization ratio. 

Calibration of the internal reflection liquid cell. The angle of incidence and number of 

reflections of the internal reflection liquid cell were determined using the method of 

Sperline et al.^ According to Harrick^^ for ATR, the following equations describe the 

effective pathlengths for parallel and perpendicular polarized radiation (ddi and de±) at a 

particular wavelength (X,); 

cos0 ^22) 
"11 ;r(l-«2i^)[(l + «2i^)siri^ ^-«2i^](sin^ 
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Figure 2.4 Spectrometer polarization ratio calculated for the Magna 550 FTIR 
spectrometer using the method described in Sperline et al.^ 
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«2i-^cos^ r? 

7t{\-)(sin^ 

If the intensities of the parallel and perpendicular polarized radiation are equal, then an 

overall effective pathlength can be calculated from: 

d,M + d„ 
d,„ = (2.4) 

In these equations, nji = n2/ni, where ni is the refractive index of the ZnSe IRE (ni = 

2.433) and n2 is the refractive index of H2O. = A,/ni, and 0 is the internal reflectance 

incidence angle. Since a polarizer was not used in the calibration procedure, and the 

spectrometer polarization ratio (PR) is not 1, Equation 2.4 cannot be used to calculate the 

effective pathlength, deff. To account for the effects of spectrometer polarization ratio, 

Equation 2.5 must be used instead: 

, PRde ± de\\ 
deff — 1 (2.5) 

{ \  +  P R )  ( l  +  P R )  

The effective pathlength calculated in this manner is applied to the Beer-Lambert 

equation 

A = N deffS C (2.6) 
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where A is the integrated absorbance, N is the number of internal reflections, 8 is the 

integrated molar absorptivity in m /mol/cm , and C is concentration in mol/m . 

In the case of the ZnSe parallelogram IRE, the number of reflections, N, is also given by 

where L is the solution contact length of the IRE, and t is its thickness. The solution 

contact length of the IRE was determined to be the end-to-end distance of the ZnSe 

crystal bounded by the o-ring in the internal reflectance liquid cell. This distance was 

measured with calipers to be 46.5 mm. The IRE thickness was 2 mm. 

Values of N, 0, and deff are obtained by a series of successive approximations. The 

cycle is started by assuming an initial value for 0, called 0i(i), and used in equations 2.2, 

2.3, and 2.5 to obtain deff. Here, 0i(i) was chosen to be 45°. The value for deff obtained 

from Equation 2.5 is used in Equation 6 to obtain a value for N. This value of N is then 

inserted into Equation 2.7 to calculate a value for 0(i) called 0caic(i)- Using this value for 

0caic(i), a new value for 0i, in this case 0i(2), is calculated from Equation 2.8:^^ 

N = (L/2t) cot 9 (2.7) 

, _ 2^,(1) + 0calc(l) 
' ( 2 )  ~  o  (2.8) 

The value of 0i(2) so calculated is then used in Equations 2.2, 2.3 and 2.5 to start the cycle 

over again. Approximation of 0 in this manner is continued (n+1) times using 
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e. 
29. •8 

^ c a l c ( n )  

/(« + l) (2.9) 

until 2.6 

^/(n+1) ^ea/e(«) 

9. i { n  +  \ )  

(2.10) 

Solutions of 0.217 M D2O in H2O and 0.191 M acetonitrile in H2O were used for 

calibration. For D2O in H2O, the integrated absorbance of the v(OD) mode at 2508 cm"' 

(E = 18.09 ± 0.07 m^/mol/cm^)^ "^ was used in Equation 2.6. For acetonitrile in H2O, the 

integrated absorbance of the v(CN) mode at 2260 cm"' was used (s = 0.542 ± 0.002 

m^/mol/cm^).^The spectrometer polarization ratio at 2508 and 2260 cm"' is 0.6 (see 

Figure 2.4). The results of the successive iterations are shown in Table 2.1. Values of 0 

and N obtained using v(OD) were 0 = 42.7°, N = 12.3, and those obtained using v(CN) 

were 0 = 43.7°, N = 11.9. Values reported by the manufacturer (Harrick Scientific Corp.) 

are0 = 45°,N= 12. 



Table 2.1 Results of successive iterations to find N and 0 for the ZnSe IRE 

Values for N and 9 obtained using Vs(CN) of acetonitrile 
ni = 2.433 ; n2 = 1.33 ; = 4.426 [xm; C = 0.191 M A = 0.151 

n 0i del, urn de± ,  deff, N Ocalc(n) Oi(n+l) 
|Oi(n+l)"Or.alt-.("n)l 

Oi(n+n 
1 45.0 1.42 0.712 1.15 13.1 41.1 43.7 0.0596 
2 43.7 1.58 0.773 1.27 11.8 43.9 43.8 0.0030 
3 43.8 1.57 0.769 1.26 11.9 43.7 43.8 0.0002 
4 43.8 1.57 0.769 1.27 11.9 43.8 43.8 0 
5 43.8 1.57 0.769 1.27 11.9 43.8 43.8 0 

Values fc 
n, = 2.4: 

r N and 0 obtained using Vs(OD) of D2O 
;3 ; n2 = 1.35 ; A. = 4.443 ; C = 0.217 VI; A = 7.077 

n Oi dell, de-L, |lim deff, N Ocalc(n) Oi{n+l) 
l^fn+n'Ot-alrfn)! 

Oi(n+l) 

1 45.0 1.50 0.749 1.21 14.9 37.5 42.5 0.118 
2 42.5 1.86 0.888 1.49 12.1 43.3 42.8 0.012 
3 42.8 1.81 0.871 1.45 12.4 42.6 42.7 0.002 
4 42.7 1.82 0.874 1.46 12.3 42.7 42.7 0 
5 42.7 1.82 0.874 1.46 12.3 42.7 42.7 0 



Electrospray Ionization Mass Spectrometry. Ion trap. ESI-MS measurements in an ion 

trap were made with a ThermoFinnigan Classic LCQ HPLC/MS instrument using the 

sample solvent as a carrier. A block diagram of this instrument is shown in Figure 2.5. 

Typical operating pressures are 760 torr at the ESI source, 1 torr in the capillary skimmer 

o ^ e , 
region, 1x10 torr in the octapole region, and 2x10 torr in the ion trap. Samples 

were introduced into the ESI needle through a fused silica capillary of 0.1 mm i.d. The 

sample flow rate was typically 13 |j,L/min. Experiments on the uranyl-citrate and uranyl 

tartarate systems were performed in positive ion mode under the following electrospray 

ionization conditions: spray voltage, +4.57 kV; capillary voltage +40 V; capillary 

temperature, 200 °C; sheath gas, Ni; flow rate, 60 (arbitrary units). The bath gas was He. 

Experiments on the uranyl-carbonate and uranyl-nitrate systems were performed in both 

positive and negative ion modes as above, but with a spray voltage of ±4.57 kV and a 

capillary voltage of ±40 V. Capillary temperatures ranging from 70 to 200 °C were used. 

FTMS. An lonSpec 4.7 T Fourier Ion Cyclotron Resonance (FTICR) instrument was used 

for ultrahigh resolution/accurate mass measurements, as well as for gas-phase H/D and 

ligand exchange studies. A block diagram of this instrument is shown in Figure 2.6. Ions 

were generated using an Analytica second generation electrospray (ESI) source. The ions 

were introduced into the instrument by infusing sample solutions using a stainless steel 

microelectrospray needle (0.10 mm i.d.) at a flow rate of 2 |j,L/min. The capillary 
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Figure 2.5 Block diagram of the ThermoFinnigan LCQ Classic MS instrument. 
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temperature was kept at 60 °C. For positively charged ions, a needle voltage of 3.8 kV 

was applied, while -2.5 kV was used in the negative ion mode. Once generated, the ions 

pass through a skimmer, that retards passage of neutral molecules and restricts the 

pressure, and are accumulated in an external RF-only hexapole for 400 - 1000 ms. The 

accumulated ions are passed through the high-speed shutter into the RF-only quadrupole 

ion guide where they are focused and then guided into the ICR cell where they are 

trapped. The quadrupole ion guide acts as a mass filter and has two operating frequencies, 

1820 and 965 kHz. According to the manufacturer, these two frequencies allow the 

trapping of ions in the ranges of m/z 100 - 1000 and m/z 400 - 2500, respectively. 

This instrument was modified in-house by Kristin Herrmann to accommodate 

H/D and ligand exchange reactions by incorporating the pulsed-leak configuration 

described by Jiao et al.^^ The typical analyzer base pressure is 7 x 10'" torr. The pulsed-

leak configuration allows the introduction of reagent gas into the analyzer region at a 

constant partial pressure for a specified period of time. 

The ion gauge used to determine reagent gas pressures was calibrated by Kristin 

Herrmann using betaine, which contains one exchangeable hydrogen with a known 

9 o 
exchange rate constant. The partial pressures of D2O and CD3OD exchange reagents 

•  • • • ' 2 9  were corrected for ion gauge sensitivities. The corrected and calibrated pressure of the 

o 
D2O gas used for these experiments was (2.4 ± 0.5) x 10 torr, while the corrected and 

_o 

calibrated pressure of CD3OD gas was (4.8 ± 0.3) x 10 torr. Reaction times were varied 

from 10 to 180 s. Solvents were degassed through several freeze-pump-thaw cycles 

before use. 
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For H/D and ligand exchange experiments, all trapped ions except those of 

interest are ejected from the ICR cell via a chirp frequency sweep. The isolated ions are 

allowed to cool for several seconds before the reagent gas is leaked into the analyzer 

region. The exchange reagent pressure was kept constant for the specified reaction times. 

At the end of the reaction time, neutral reagent gas was pumped away during a 30 s 

pump-down time in order to reach the very low pressures necessary for FT-ICR analysis. 

Pressure in the ICR cell at the time of detection was -3.5 x 10"^ torr. 

Various spectral calibration procedures were used to obtain exact mass values. 

For positively-charged uranyl-nitrate containing species > m/z 900, a peak matching 

procedure using Ultramark 1621 (Lancaster Synthesis, Inc.) was used. For positive 

species of lower mass, ions previously reported in the literature were used for self-

internal calibration. For MS/MS and D2O reaction spectra, ions previously assigned using 

Ultramark 1621 were used whenever possible for self-internal calibration. Ions used for 

calibration are marked with an asterisk in the Tables 7.1 - 7.3. For negative ions, linear 

alkylbenzene sulfonates (LAS) were initially used for internal calibration and to verify 

ion assignments. For subsequent studies, unambiguously assigned uranyl-containing ions 

were used for self-internal calibration. These ions are marked with an asterisk in Tables 

7.4 and 7.5. 

Scanning Electron Microscopy. Scanning electron microscopy (SEM) images were 

acquired by Christopher Orendorff on a Hitachi S-2460N SEM with an accelerating 

voltage of 18 kV. Samples of the AbOa-coated ZnSe crystal were prepared as described 
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for ATR-FTIR studies. No metal or carbon coating of the sample surface was used to 

acquire SEM images 

X-ray Photoelectron Spectroscopy. X-ray photoelectron spectroscopy (XPS) was 

performed by Michael Brumbach using a Kratos Axis Ultra XPS. A monochromatic A1 

(Ka) source at 1486.6 eV was used for excitation. The excitation area was 300 [im x 700 

lam. The spectrometer was operated in the fixed analyzer transmission mode. A pass 

energy of 40 eV was used for full spectrum scans, and was reduced to 20 eV for core 

level and valence band spectra. 

Nuclear Magnetic Resonance Spectroscopy. Nuclear magnetic resonance (NMR) 

spectroscopy was performed using a Bruker DRX-500 spectrometer fitted with a Bruker 

5 mm Dual 'H/'^C broadband probe for '^C and 'H measurements, and with a Bruker 10 

17 13 1 mm broadband direct probe for O NMR measurements. C and H NMR sample 

solutions were loaded into Kontes 5 mm o.d. 220 glass NMR tubes. '^O sample solutions 

were loaded into Wilmad 10 mm o.d. 513-7PP glass NMR tubes. All NMR chemical 

1-3 IT 
shifts are reported in ppm. The dioxane C signal (6 C = 66.66 ppm) was used as a 

reference. 'H NMR chemical shifts are reported in ppm relative to 

3-(trimethylsilyl)propionic-2,2,3,3,-d4 acid sodium salt (5^H = 0.00 ppm). '^O NMR 

chemical shifts are reported in ppm relative to H2O set at 6*^0 = 0.00 ppm. 
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Procedures 

pH Measurements. All pH measurements in this study were made using a Ross 

combination glass/reference electrode (Orion 8102) standardized against pH 1.68, 4, 7, 

and 10 buffers traceable to the NIST pH activity scale. The pH meter used was a 

ThermoOrion model 710 pH ISE meter. pH measurements of the 20% (v/v) acetonitrile-

water and 20% (v/v) methanol-water solutions were made using an electrode calibrated 

with aqueous buffers and are reported as wpH. 

The following discussion on pH is adapted from Canals et al.^"' pH is defined in 

terms of the activity of the hydrogen ion through the equation 

where aw is the hydrogen ion activity. Activity is referred to a concentration scale, 

generally either the molarity (c) or the molality (m) scale, leading to two definitions of 

pH = -log an. (2.11) 

pH: 

pHc = -log (c hYc.h  I c^) (2.12) 

pHm = -log (WHTm,H Im") (2.13) 

where and w" are arbitrary constants for the standard state condition, equivalent to 1 

mol/L or 1 mol/Kg, respectively. Since the above definitions of pH involve an 
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unmeasurable quantity, ^h, the extended Debye-Huckel equation (2.14) is used to 

estimate the activity coefficient, y, of the hydrogen ion at ionic strengths less than 0.1 

\ogr^=-Al"'l{\ + a,Bl'") (2.14) 

In equation 2.14, / is the ionic strength of the solution, ao is the ion size 

parameter. A and B are parameters dependent on temperature (T) and solvent dielectric 

constant (e) and are calculated according to the relationships ̂  = 1.82 x 10^(eT)~^'^ and B 

_ I /2 2 ] 1 = 50.3(eT) . In water, the standard state for aw is infinite dilution of the hydrogen 

ion in water, for which the activity coefficient of the hydrogen ion, yn, approaches one 

(YH ^ 1). In a solvent, s, the standard state can be chosen as infinite dilution of the 

hydrogen ion in the solvent, s, or as infinite dilution in water, w. Thus, a pH scale relative 

to water and a pH scale relative to the solvent exist. lUPAC notation uses left hand 

superscripts and subscripts of s (solvent) and w (water) to distinguish these pH scales.^ 

Superscripts indicate the solvent in which measurements are made (either s or w), while 

subscripts indicate the solvent in which yH 1 at infinite dilution. The notation wYh is 

used to describe the primary medium effect for the transfer of the hydrogen ion from 

water, w, to the solvent, s. The wpH and the spH scales are related through the 

relationship: 

^pH = ^pH-log(^y°) (2.15) 
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Operationally, the liquid junction potentials, Ej, for each system must also be considered. 

The wpH and the spH scales are then related through the relationship: 

6 = AEj - log(wYH) = wpH-spH, (2.16) 

where AEj is the difference in liquid junction potentials between the two systems. The 6 

term can be determined by carefully determining spH and wpH values for a series of 

buffers over a range of pH.^ 6 = -0.02 for a 20% (v/v) solution of 

acetonitrile/HiO^ and 5 = 0.02 for a 20% (v/v) solution of methanol/H20.^"' Equation 

15 may then be used to calculate spH values from measured wpH values using these 

values of 6. 

Solution Spectroscopy. General Procedures. For Raman and ATR-FTIR analyses, 

solutions of 100 mM citric acid and 100 mM uranyl nitrate or uranyl chloride were 

combined in the appropriate ratio and pH was adjusted with NH4OH or KOH. Samples 

were kept in the dark during sample preparation and analysis, as personal experience has 

shown that uranyl-citrate and tartarate complexes photodegrade when exposed to UV 

light. 

Raman Spectrochemical Titrations. Solutions of 100 mM citric acid and 100 mM uranyl 

nitrate were prepared in Milli-Q water. For titrations of 1:1 uranyl:citrate solutions, 30 

mL each of 100 mM citric acid and uranyl nitrate solutions were added to a beaker, while 
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for titrations of 3:2 uranylxitrate solutions, 30 mL of uranyl nitrate and 20 mL of citric 

acid solutions were used. pH was adjusted upwards using NH4OH, and spectra were 

acquired after each addition of base on samples pumped through an open-ended NMR 

tube in the continuous flow arrangement shown in Figure 2.7. A Master Flex L/S 

peristaltic pump with a Master Flex Easy Load pump head was used to pump solutions. 

GRAMS/32 was used for decomposition of Raman spectra. The peak fitting 

application in GRAMS/32 is based on the Levenberg-Marquardt method of non-linear 

least-squares fitting for decomposition of overlapping peaks.^ The solution was 

considered to have converged when the reduced was minimized and the calculated 

peak envelope closely matched the experimental peak envelope. The appropriate mixture 

of Gaussian and Lorentzian lineshapes was determined through peak fitting the Vs(U02) 

mode at 826 cm"', since at pH 4 no other peaks overlap with this one. A 50:50 mixture of 

Gaussian and Lorentzian lineshapes was used for peak fitting, as this appeared to fit the 

data more closely than either pure Gaussian or pure Lorentzian models. 

Electrospray Ionization Mass Spectrometry. Samples for ESI-MS analyses on the uranyl-

citrate system were prepared by combining solutions of 100 mM citric acid and 100 mM 

uranyl nitrate in the appropriate ratio. Starting pH values were ~pH 2.5. Samples were 

brought to the appropriate pH with NH4OH, and diluted to a concentration of ~ 0.5 mM 

with a 20% (v/v) solution of acetonitrile/water. Uranyl chloride was sometimes used in 

place of uranyl nitrate in order to examine the effect of counter anion on adduct 

formation. pH was readjusted with NH4OH where necessary. 
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Figure 2.7 Diagram of the flow-through system used for spectrochemical titrations. 
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Samples of uranyl carbonate were prepared from stock solutions of 100 mM uranyl 

nitrate or uranyl chloride and 100 mM ammonium carbonate using 18 MQ Milli-Q water. 

The resulting aqueous solutions, which ranged in concentration from 0.25 mM to ~1 mM 

in uranyl and from 1.25 to ~5 mM in carbonate, were brought to the appropriate pH with 

NH4OH. Samples of uranyl nitrate and uranyl chloride were prepared from stock 

solutions of 100 mM uranyl nitrate or uranyl chloride using 18 MQ Milli-Q water. 

Solutions of uranyl carbonate, uranyl nitrate and uranyl chloride were sometimes 

prepared in 20% (v/v) solution of acetonitrile/water as well. Samples for FTMS 

measurements were prepared either by diluting aqueous solutions 500 )xM in U02^^ and 

1000 |xM in NOs" with methanol (2:1 methanol:sample) before analysis or by a 1:20 

dilution of a sample 1 mM in and 2 mM in NO3 in methanol. 

13 1 NMR Spectroscopy. For C and H NMR measurements, solutions of 1 M trisodium 

citrate and 1 M uranyl nitrate hexadeuterohydrate were prepared in D2O. For 1:1 

uranyl:citrate solutions, 10 mL each of 1 M trisodium citrate and 1 M uranyl nitrate 

solutions were added to a beaker, while for titrations of 3:2 uranyl:citrate solutions, 7.5 

mL of uranyl nitrate and 5 mL of citrate solutions were used. pH was adjusted upwards 

using slow additions of 40% (w/w) KOD in D2O. A small amount of uranyl-containing 

precipitate formed after each addition of base. Samples were stirred after each addition of 

base until the precipitate disappeared. Above pH -1.5, the precipitate no longer 

disappeared with stirring. Samples were filtered through a 0.45 |a,m filter and Raman 

spectra acquired to check for the appearance of Vs(U02) modes associated with the three 
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uranyl citrate complexes. Samples were then dispensed into NMR tubes for 

measurement. 

Samples for NMR measurements were prepared from 1 M solutions of 

trisodium citrate and uranyl chloride trihydrate in H2O. pH was adjusted with 50% NaOH 

solution in H2O as described above. For samples prepared in H2O, precipitate formation 

was much less of a problem. Samples at pH 8 were filtered as above and Raman spectra 

acquired. Samples were dispensed into 10 mm NMR tubes for measurement. 

Surface Spectroscopy. Stock solutions of 100 mM citric acid and 100 mM uranyl nitrate 

were prepared in Milli-Q water. Solutions for adsorption studies were prepared by 

diluting the above stock solutions to the appropriate uranyl and citrate concentration. 

Solution concentrations of uranyl and citrate ranged from -0.5 - 100 [iM. Samples were 

prepared in 0.01 M KCl using Milli-Q water which had been boiled and purged with N2 

^ ^ _ 2 , to rid it of any dissolved CO2, HCO3 or CO3 , as carbonate species adsorb strongly to 

AI2O3 from solution. CO2 strongly adsorbs to the surface of NaOH and KOH pellets, and 

thus, C02-free NaOH or KOH must be prepared before use. KOH or NaOH pellets may 

be rinsed before use to remove the surface layer containing adsorbed CO2. KOH or 

NaOH solutions may then be prepared from the rinsed pellets. A second method involves 

preparing a 50% (w/w) solution of NaOH in H2O. Na2C03 is insoluble and precipitates 

from solution. Aliquots of 50% (w/w) NaOH in H2O may be centrifuged or filtered to 

remove the Na2C03 precipitate and diluted to provide a working solution. Working 

solutions were prepared immediately before use. 



For ATR-FTIR measurements, an AliOs-coated ZnSe internal reflection element 

(IRE) was prepared as follows. The IRE was first cleaned with an optical tissue wet with 

Milli-Q H2O, then again with methanol and allowed to dry. The IRE was occasionally 

lightly polished using a wet Q-tip coated with CeO powder, as recommended by Dr. 

Roger Sperline. After polishing, the IRE was again cleaned with an optical tissue as 

described above. A thin slurry of AI2O3 was prepared by placing -0.5 g of AI2O3 powder 

in a beaker and adding 2-3 mL of Milli-Q water. The IRE was placed horizontally 

across the rim of a 50 mL beaker and approximately 0.5 mL aliquots of the slurry were 

pipetted onto the IRE surface to form an even coating. The coated IRE was placed in an 

oven at 120°C until the coating was just dry. The process was repeated until a visible 

AI2O3 coating stable to repeated rinsings by Milli-Q water was obtained on the surface of 

the IRE. Both sides of the IRE were coated in this manner. 

Scarming electron microscopy (SEM) images of the surface of the IRE are shown 

in Figures 2.8a-d. Figure 2.6a is an image of the IRE before coating with AI2O3, while 

Figure 2.8b is a representative image showing the surface after coating. The cracking 

pattern visible is most likely due to the drying of the surface before and during SEM 

analysis. Figures 2.8c and d are representative images indicating the thickness of the 

AI2O3 coating. The coating is uneven, but in general is estimated to be 2-10 |j,m thick 

over the surface of the IRE, greater than the estimated penetration depth of the 

evanescent field, calculated as described below to be ~1.1 |im. 
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Figure 2.8 SEM images of the coated and uncoated IRE illustrating surface 
morphology and coating thickness, a) ZnSe crystal before coating, b) after 
coating, top view, c) after coating, side view, d) after coating, side view. 
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After completion of the experiment, the IRE was cleaned as described above, 

lightly polished with CeO powder if necessary, wrapped in an optical tissue and replaced 

in its box. 

The bulk density of the AI2O3 particle layer was first calculated by placing dried 

AI2O3 powder in a preweighed 1.0 mL volumetric flask and tamping firmly with a glass 

stirring rod, adding powder as needed and tamping to obtain optimal packing density 

until the 1.0 mL mark was reached. The 1.0 mL volumetric flask containing the AI2O3 

powder was reweighed, and the mass of AI2O3 contained in 1 mL sample volume 

determined. The bulk density of the AI2O3 powder (pb) was estimated from these methods 

to be 0.5 g/cm^. The 'true' density (also called the particle density) of AI2O3 is 3.965 

g/cm^. (Value provided by Alfa Aesar). The porosity, or volume fraction of the void 

space in a porous material, (here given as P) is defined as the ratio of the total amount of 

void space in the material to the total or bulk volume occupied by the material (P = 

Vvoid/Vbuik)- The bulk volume includes spaces occupied by the particles as well as the 

void space. Porosity can also be calculated using the equation P = 1 - pb/pp, where pp is 

the particle density. Using a particle density of 3.965 g/cm^, the porosity of the 

compacted AI2O3 powder can be calculated to be 0.87. The effective refractive index of 

the AI2O3 powder layer (n^ff) can be estimated using the volume-weighted average of the 

refractive indices of AI2O3 and H2O using the equation rieff = ni^i^oC^Hzo) ^ 

where fpi^o fraction of water in the AI2O3 layer. Since the pore space in the layer can 

be assumed to be filled with H2O, f^^o assumed to equal P. The refractive indices 

2 15 for AI2O3 used in this study were from Toon et al., and those for H2O from Downing 
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2 1^ J and Williams. At 1400 cm , n^j^o =1-31 and n^j^o^ = 1.48. Thus the volume-weighted 

refractive index can be estimated as 1.33 at 1400 cm"'. Using this information, the depth 

2.5 of penetration (dp) of the evanescent wave can be estimated from 

2;T(sm O-n^x ) 

The depth of penetration is defined as the distance required for the electric field 

amplitude to fall to 1/e of its value at the surface, nii = ni/ni, where ni is the refractive 

index of the ZnSe IRE (2.433) and n2 is the effective refractive index of the AI2O3 layer. 

>-1 = X/ni, and 0 is the internal refiectance incidence angle (43.7°) calculated as described 

above. For X = 7.143 |j,m (1400 cm '), dp is estimated as 1.1 [im. It should be noted that 

this value is an ideal upper limit of the penetration depth. Since the use of equation (2.17) 

implicitly assumes that kj = 0.00 at 1400 cm"' and that no scattering of the evanescent 

field by the AI2O3 particles occurs, neither of which are likely to be completely valid, the 

true value of dp is probably less than 1.1 |am. 

The coated IRE was allowed to equilibrate with Milli-Q water for 8 to 10 h in the 

assembled ATR liquid cell before use. For FTIR measurements, Milli-Q water was 

pumped through the cell until a stable background was obtained, as measured by the 

ability to completely remove the strong peak at 1638 cm"' due to the 5(H-0-H) mode. 

The sample solution was then introduced and allowed to flow through the cell. Flow rates 

were ~7 mL/min. At the low analyte concentrations used here, vibrational modes from 
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solution-phase analyte species do not interfere with those from adsorbed species. Sample 

spectra were continuously acquired and absorbance values of the carboxylate Vs(COO~) 

and Vas(COO~) modes, or the VasCUOa) mode in the case of samples containing 

were monitored. When absorbance values stopped increasing, equilibrium with solution 

was assumed and final spectra were acquired. Equilibrium was reached after 3 to 5 h, 

depending on sample analyte and analyte concentration. No apparent differences in peak 

shape or position were noted between spectra acquired immediately upon sample 

introduction and those acquired after equilibrium was reached. 
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CHAPTER 3 

SPECTROSCOPIC CHARACTERIZATION OF URANYL-CITRATE COMPLEXES 

Introduction 

Uranium contamination of soils at former Department of Energy nuclear fuel 

reprocessing facilities is a significant problem. Citric acid forms strong complexes with 

the uranyl(VI) ion and was used as a decontamination agent at these facilities. It is found 

3  1  " ^ 2  as a component of mixed radioactive wastes and occurs naturally in soils. Due to its 

biodegradability and efficiency as a complexing agent, citric acid is currently being 

investigated for remediation of uranium-contaminated soils.^^"^^ The presence of citric 

acid can influence both uranium speciation and extent of partitioning to mineral surfaces, 

affecting uranium mobility in the environment. Speciation and structural information on 

2_|_ , the UO2 -citrate complexes is important to the development of mechanistic models 

describing adsorption phenomena affecting transport of uranium in soils and degradation 

pathways of these complexes. However, despite the investigation of U02^^-citrate 

complexes over a 50-year period,^^"^ a complete understanding of speciation behavior 

is lacking and little structural information is available. 

The aqueous chemistry of the UO2 -citrate system is complex, involving pH-

dependent changes in stoichiometry and U02^^ coordination environment. At low pH (pH 

• 2"(" 2 - 4), the existence of a 2:2 dimeric UO2 -citrate species is well-established, and both 
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the structure^^^'^ (Figure 3.1a) and a formation constant^ have been 

determined. A systematic study of the species formed at higher pH values has not 

previously been undertaken, and the studies that have been done are somewhat 

contradictory. Early potentiometric and spectrophotometric results suggested the 

presence of two trinuclear complexes with stoichiometries of 3:2 and 3:3 (uranyl:citrate) 

above a pH of although a hexameric UOa^^-citrate complex was also proposed.^ 

• 1 1 ^ • • 

A later study using H and C NMR indicated the existence of only a 3:2 uranyl:citrate 

complex with a cyclic structure involving two hydroxo bridges at pH 8 (Figure 3.1b).^ 

A straight-chain structure for a 3:2 uranyl:citrate complex at an unspecified pH was also 

suggested from Knowledge of the UOi^^-citrate system at environmentally-

relevant pH values is important both for soil remediation and for understanding the effect 

of citrate on the mobility of uranyl in the environment. The purpose of this study is to 

characterize the UO2 -citrate complexes formed in aqueous solution and to gain an 

understanding of their speciation behavior. 

In this chapter a systematic investigation of the U02^^-citrate complexes using 

Raman and attenuated total reflectance FTIR (ATR-FTIR) spectroscopies and 

electrospray ionization mass spectrometry (ESI-MS) is presented. These tools provide 

complementary information and together offer a powerful approach for characterization 

of the solution behavior of inorganic complexes. The Raman-active Vs(U02) mode and 

the IR-active Vas(U02) mode are sensitive to changes in coordination environment 

and have been used to study uranyl complexation with various inorganic and organic 

• 7 1 0 - 3  ' y A  
ligands in aqueous solution. 
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Figure 3.1 a) Structure proposed for the 2:2 uranyl:citrate species (shown here in its 
completely protonated form),^ b) structure proposed for the 3:2 
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The complexation of the uranyl(VI) ion weakens the 0=U=0 bonds, increasing 

bond lengths and causing shifts to lower frequency of the Raman-active Vs(U02) and the 

IR-active Vas(U02) modes. The extent of the shift is related to the stability of the 

complexing ligand. The strength of the Vs(U02) mode and its sensitivity to changes in 

coordination environment make it particularly valuable for following the 

I 
speciation of the UO2 -citrate complexes. IR spectroscopy provides information on the 

conformation of the coordinating citrate ligand, while ESI-MS can be used to 

characterize the stoichiometrics of the UO2 -citrate complexes, as well as to corroborate 

speciation information obtained from Raman spectroscopy. 

Speciation of the Uranyl-Citrate Complexes 

Spectrochemical Titrations Using Raman Spectroscopy. 

Spectrochemical titrations were performed to determine the pH dependence of 

U02^^-citrate complex formation. Figures 3.2a-e show Raman spectra of a 1:1 solution of 

uranyl and citrate (50 mM in each) acquired as a function of pH. The vibrational band at 

1047 cm"' is due to the vi(N03) mode, and since solutions were prepared using uranyl 

nitrate, is a constant feature in the spectra. Four major Raman bands appear successively 

with increasing pH in the region of Vs(U02) between 750 and 850 cm"'. At pH 1.6, 

9+ 
(Figure 3.2a) an intense band due to the solvated cation, U02(0H2)5 appears at 869 

cm"'. A series of small overlapping bands can be resolved by peak fitting at 858, 845, 

836, 826, 812, and 795 cm"'. The band at 858 cm"' may contain contributions from the 
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Figure 3.2 Raman spectra showing the pH dependence of VsCUOa) at a uranylxitrate 
ratio of 1:1 at a) pH 1.6, b) pH 2.1, c) pH 3.4, d) pH 5.4, e) pH 8.5. All 
spectra acquired with 20 min integrations. 
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hydrolyzed uranyl species (U02)2(OH)^'^ and (U02)2(OH)2^^, while the band at 836 cm"' 

is assigned to (U02)3(0H)5^.^^'^ The band at 845 cm ' is assigned to another hydrolyzed 

uranyl species, U020H^, predicted to occur at 848 cm~V^^ although ys(COO) of citric 

acid also appears in this region. The bands at 826, 812 and 795 cm ' are assigned to three 

distinct UOa^^-citrate complexes, as discussed below. 

At pH 2.1 (Figure 3.2b) the intensity of the Vs(U02) band at 869 cm"' associated 

with the U02(0H2)5 species decreases dramatically with a concomitant increase in the 

intensity of the Raman band at 826 cm"'. This band is assigned to the 2:2 complex, 

{(U02)2Cit2}^", (Figure 3.1a) initially inferred from potentiometric titration data^ and 

-51-2 '^IS • • •• 
confirmed by NMR and EXAFS. (For ease of discussion, "Cit" is used here to refer 

to the citrate trianion, CeHsOy^".) The uranyl moieties in this complex are in equivalent 

coordination environments and give rise to a single Vs(U02) band. There is no strong 

Raman evidence for either the 2:1 U02^^-citrate complex or the mononuclear U02^^-

3 12 3 13 citrate complex variously proposed to coexist with the 2:2 complex. ' However, it is 

possible that these species exist at concentrations below the limit of detection of Raman 

spectroscopy. Raman bands associated with hydrolyzed complexes increase 

slightly in intensity at pH 2.1, but citrate, as the stronger ligand, effectively competes 

with OH" for the uranyl ion, preventing the formation of insoluble mineral phases. Bands 

at 795 and 812 cm"' increase slightly in intensity at this pH and indicate that more highly 

oligomerized U02^^-citrate complexes form as pH increases. 

At pH 3.4, the bands for U02(0H2)5^^ (U02)2(OH)^^ and (U02)2(0H)2^^ 

disappear completely, and {(U02)2Cit2}^ becomes the predominant species in solution 



108 

(Figure 3.2c). Upon further increase in pH, the 812 and 795 cm"' bands increase 

2 _  dramatically in intensity, while the band for {(U02)2Cit2} begins to systematically 

decrease before disappearing completely at pH > 8.5. The absence of Raman bands at 835 

and 822 cm"' indicates that citrate outcompetes OH" for uranyl even at relatively high 

pH, effectively preventing the formation of significant concentrations of (U02)3(0H)5^ 

and (U02)3(0H)7 , species which might ordinarily be expected to be important at pH > 

^ 3.24,3.25 

Feldman et al. concluded on the basis of potentiometric and spectrophotometric 

studies that {(U02)2Cit2}^ undergoes a reaction at higher pH to form complexes 

containing uranyl and citrate groups with stoichiometries of 3:3 ({(U02)3Cit3}^"), and 3:2 

((U02)3Cit2), respectively.^^ In order to determine whether the two Raman bands at 812 

1  1  

and 795 cm are indeed related to the 3:3 and 3:2 UO2 -citrate species, we repeated part 

of the original study of these researchers by using the method of continuous variation 

with Raman spectroscopy to reaffirm complex stoichiometries and to distinguish the 

Raman bands associated with each complex. Figures 3.3a-f show the effect of varying 

uranyl:citrate ratios in solution at a constant pH of 7.6. It is clear that the species 

associated with the Vs(U02) at 795 cm"' predominates at uranyl:citrate ratios of 1.0 and 

lower, while the species associated with the Vs(U02) at 812 cm"' predominates at 

uranyl:citrate ratios of 1.5 and higher. The Raman band at 812 cm"' is therefore 

tentatively assigned to a species containing a 3:2 stoichiometry (uranyl:citrate), 

(U02)3Cit2; however, the Raman band at 795 cm ' cannot be definitely assigned to 
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{(U02)3Cit3}^~ from these data, although based on the lower frequency of this mode 

relative to that for the (U02)3Cit2 species, it can be ascertained that this species is more 

highly oligomerized than either {(U02)2Cit2}^ or (U02)3Cit2. At a uranylrcitrate ratio of 

2.3 and higher, a yellow material with a broad Vas(U02) band centered at -870 cm ' and 

with Vs(U02) -820 cm"' forms in solution. This material is most likely a mixture of the a, 

P, and y-[U02(0H)2] phases.^ 

In Figure 3.4, Raman spectrochemical titration data are presented to allow 

examination of the distribution of UO2 -citrate species as a function of pH for a solution 

50 mM each in uranyl and citrate. Band areas were determined through decomposition of 

the Vs(U02) envelope and normalized to the vi(N03) band area (A Vs (uo2)/A V|(no3)) 

compensate for changes in uranyl concentration and collection efficiency during the 

titration. The intense vi(N03) band is an ideal internal standard because U02(0H2)5^^ 

— • 2+ and N03~ form only a very weak ion pair, and because NO3 is not perturbed by UO2 -

citrate complex formation. The titration was repeated three times and two to three 

normalized band areas were averaged per data point; error bars represent the range of 

normalized area values determined (pH scale error bars are smaller than the symbols). 

For clarity of presentation, hydrolyzed U02^^ species present in low concentrations are 

omitted from the plot in Figure 3.4. The overall increase in normalized band area with pH 

is due to an increase in the Raman scattering cross-section of the uranyl moiety with 

extent of complexation. This phenomenon has previously been noted for U02^^-sulfate 

O-j- 1 '^'7 "X 0*7 
and UO2 -acetate complexes, ' and may be related to an increase in the 

polarizability of the 0=U=0 bond upon complexation. 
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Figure 3.4 cannot be strictly viewed as a speciation diagram, because the 

difficulties inherent in determining Raman scattering cross-sections for each species 

make it impossible to directly correlate peak areas with concentration. Given the known 

decrease in Vs(U02) frequency with increase in 0=U=0 bond length, and increase in 

uranyl polarizability with increasing extent of UO2 complexation, the Raman scattering 

cross-section should increase in the order U02(0H2)5^^ < {(U02)2Cit2}^ < (U02)3Cit2 < 

{(U02)3Cit3}^ . A dramatic increase in the area of the {(U02)2Cit2}^ band at 826 cm"' 

relative to that of the U02(0H2)5^^ band at 869 cm ' between pH values of 1.5 and 2.5 

lends support to this argument. In a similar fashion, the Raman scattering cross-section of 

{(U02)3Cit3}^ is predicted to be greater than that of (U02)3Cit2. Despite these changes in 

Raman scattering cross-section, this diagram does provide insight into the relative 

importance of each species in solution, and is still useful as a qualitative guide to the pH-

dependent behavior of the U02^-citrate complexes for the 1:1 uranyl:citrate system. 

The dimeric {(U02)2Cit2}^ complex (Figure 3.1a) is clearly the most stable of the 

three U02^^-citrate species in the low pH region of the titration (pH < 4). Its formation 

begins at pH < 2, and it exists in equilibrium with small amounts of (U02)3Cit2 and 

{(U02)3Cit3}^~. The {(U02)2Cit2}^ complex contains two ionizable COOH groups 

(Figure 3.1a), which may explain its ability to further complex uranyl and interconvert to 

the (U02)3Cit2 and {(U02)3Cit3}^ species at pH > 4.5. Within the constraints of peak 

fitting, these latter two species exist at approximately equivalent concentrations at pH < 

5. Between pH 5 and 6, {(U02)3Cit3}^~ becomes increasingly dominant compared to 
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(U02)3Cit2. Above pH 6, the concentration of (U02)3Cit2 decreases slightly relative to 

{(U02)3Cit3}'" 

In contrast to the behavior observed in a solution containing equimolar amounts 

of uranyl and citrate, in a solution containing a 3:2 mole ratio of uranylicitrate, the 

relative proportions of (U02)3Cit2 and {(U02)3Cit3}^~ at pH > 6.5 are reversed from those 

described above (e.g. see Figures 3.3e and f). Nonetheless, the general trend in solution 

behavior is the same, with (U02)3Cit2 reacting to form {(U02)3Cit3}^~ as pH is increased. 

Interestingly, no precipitate is observed under these solution conditions, even at pH 10, 

indicating that uranyl remains in solution as a citrate complex. Based on these results, the 

relevant solution equilibria with increasing pH can be represented schematically by; 

6 U02^^(aq) + 6 {Cit}^" — 3 {(U02)2Cit2}^" 

— 2 (U02)3Cit2+ 2 {Cit}'- — 2 {(U02)3Cit3}'" 

Electrospray Ionization Mass Spectrometry 

The ability to generate gas-phase ions from solution species makes ESI-MS 

valuable for the study of labile, solution-phase species important in environmental and 

biological processes. ESI-MS is increasingly used to examine both metal ion speciation 

3 28 3 33 in aqueous solution and metal-ligand stoichiometry and structure. " ESI-MS is used 

here to corroborate the number and stoichiometries of the UO2 -citrate complexes in 

solution and to confirm results from Raman spectroscopy. Mass spectra acquired for the 

U02^^-citrate system as a function of pH and uranyl:citrate ratio are shown in Figures 



114 

3.5a-e. Figure 3.5a shows the positive ion spectrum of a solution 0.5 mM each in uranyl 

and citrate at wpH 4.0 (20% (v/v) acetonitrile/HaO). At this pH and uranyl:citrate ratio, 

2 2-|-{(U02)2Cit2} predominates in solution. The UO2 groups in the complex each carry a 

+2 charge, while the citrate ligands carry a -3 charge when fully deprotonated. 

Therefore, the dimer can be -1, -2, or neutral depending on the protonation state of the 

two free carboxyl groups. In positive ion mode, singly-charged Na"^ and NH4^ adducts of 

H2(U02)2Cit2 appear at m/z 956.2, 961.3, 1024.4, and 1046.2 (Figure 3.5a, Table 3.1), 

indicating that in the gas phase the dimer COOH groups are fully protonated. Since gas-

phase protonation state is a function of gas-phase proton affinity and not necessarily 

related to the strength of an acid relative to H2O in aqueous solution,^^"^ the protonation 

state of the complex in solution at pH 4.0 cannot be directly inferred from this result. 

When the counterion in solution is CF instead of NOa" (Figure 3.5b), the intense peak at 

m/z 1024.4 corresponding to [(H2(U02)2Cit2)(HN03)(H20)(Na^)]'^is replaced by a peak 

at m/z 997.4 due to the corresponding HCl adduct [(H2(U02)2Cit2)(HCl)(H20)(Na^)]^, 

while the weak signal at 1046.2 from the [(H(U02)2Cit2 )(FIN03)(H20)(Na^)2]^ species 

disappears. A signal at m/z 1002.3 is observed consistently in all spectra at wpH 4 with 

both NOa" and CI" as counterions. This species is assigned to 

[(H2(U02)2Cit2)(CH3CN)(H20)(Na^)]^ 

The Raman spectral data show that at pH values > ~ 5, both {(U02)3Cit3}^ and 

(U02)3Cit2 coexist, and that their respective abundances in solution can be controlled 

through manipulation of the uranyl:citrate ratio. Predictably, this same behavior is 
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0+ 
Table 3.1 ESI-MS Peak Assignments for UO2 -citrate complexes. 

U02^ iCitrate Complex Stoichiometry (pH) 
{(U02)2Cit2}'" 

(wPH4.0) 
{(U02)3Cit3}^ 

(tpH 7.6) 
(U02)3Cit2 
(wPH 7.6) 

Species^ 
Calc. 
m/z 

Obs. 
m/z" 

Obs. 
m/z 

Obs. 
m/z 

[(H2(U02)2Cit2)(NH4")]" 938.1 938.5 
[(H2(U02)2Cit2)(H20)(NH4")]" 956.1 956.2 
[(H2(U02)2Cit2)(H20)(Na")]" 961.1 961.3 
[(H2(U02)2Cit2)(H20)2(Na")]" 979.1 979.1 
[(H2(U02)2Cit2)(CH3CN)(H20)(Na")]" 1002.1 1002.3 
[(H2(U02)2Cit2)(HN03)(H20)(Na^)]^ 1024.2 1024.4 
[(H(U02)2Cit2")(HN03)(H20)(Na")2]" 1046.1 1046.2 
[((U02)3Cit2)(CH3C00H)(H20)(H")]" 1267.2 1266.8 
[((U02)3Cit2)(HCl)(H20)2(Na")]" 1283.1 1283.1 
[((U02)3Cit2)(HN03)(H20)2(Na")]" 1310.2 1310.1 
[(H3(U02)3Cit3)(H")]" 1381.2 1380.8 
[(H3(U02)3Cit3)(H20)(H")]" 1399.2 1398.8 1398.8 
[(H3(U02)3Cit3)(H20)(r)]" 1437.1 1436.6 

" Peaks over 15% relative abundance. 
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observed in the results from ESI-MS. Figures 3.5c-e show the effect of changing the 

uranyl:citrate ratio on the ESI mass spectrum at wpH 7.6. At a 3:2 uranylxitrate ratio (0.6 

mM in uranyl and 0.4 mM in citrate, 20% (v/v) CH3CN/H2O), three peaks at m/z 1266.8, 

1310.1, and 1398.8 corresponding to singly-charged ions appear (Figure 3.5c). The ion at 

m/z 1310.1 is assigned to [((U02)3Cit2)(HN03)(H20)2(Na'^)]^. When CI" is used as a 

counterion in place of NOs", the corresponding HCl adduct, 

[((U02)3Cit2)(HCl)(H20)2(Na'^)]"^, appears at m/z 1283.1 (Figure 3.7d). The ion at m/z 

1266.8 may be assigned as the acetic acid adduct, [((U02)3Cit2)(CH3C00H)(H20)(H^)]^; 

acetate is a knovm contaminant in the mass spectrometer used for these studies. The 

signal at m/z 1398.8 seen in Figures 3.5c and d corresponds to the singly-charged 

[(H3(U02)3Cit3)(H20)(H^)]^ ion. At a 1:1 uranyl:citrate ratio (0.5 mM in uranyl and 0.5 

mM in citrate, 20% (v/v) acetonitrile/H20) the relative abundance of this ion increases 

dramatically, with a concomitant decrease in the abundance of the 

[((U02)3Cit2)(HCl)(H20)2(Na^)]^ species (Figure 3.5e). Small peaks at m/z 1380.8 and 

1436.6 correspond to [(H3(U02)3Cit3)(H^)]^ and [(H3(U02)3Cit3)(H20)(K^)]^ ions, 

respectively. The H3(U02)3Cit3 species is extremely stable in the gas phase. 

The ESI mass spectra in Figures 3.6a-e show the effect of very small changes in 

T 

uranyl:citrate ratio on the relative abundances of the (U02)3Cit2 and {(U02)3Cit3} 

species. The relative abundance of the (U02)3Cit2 adduct at m/z 1283.1 increases 

systematically with an increase in the uranyl:citrate ratio. In addition, new species, most 

likely also adducts of (U02)3Cit2, appear at m/z 1242.7, 1260.0, 1320.5 and 1360.9, 

respectively. The trend of increasing (U02)3Cit2 in the gas phase corresponds to a similar 
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increase occurring in solution, as can be seen by comparison of the ESI mass spectra in 

Figures 3.6a-e with the corresponding Raman spectra in Figures 3.6f-j. In the Raman 

spectra, the intensity of VsCUOi) at 812 cm"' increases with this ratio, indicating an 

increase in the concentration of (U02)3Cit2, with a concomitant decrease in intensity of 

the VsCUOi) at 795 cm~' from {(U02)3Cit3}^~. The broad peak at 690 cm"', which 

increases in intensity as the uranyl:citrate ratio increases, is unassigned. It is too low in 

frequency to be a Vs(U02) mode of any of the known mono or polyuranyl hydroxide 

species. The shoulder which appears -760 cm ' in the Raman spectrum is also 

unassigned. 

These data clearly indicate that the formation of (U02)3Cit2 is favored when 

citrate is limiting. The existence of (U02)3Cit2 in solution has important ramifications, 

since its formation precludes the hydrolysis and subsequent sequestering of uranyl in the 

form of surface-associated UO2 mineral phases, thereby enhancing the solubility of 

uranyl even at low citrate concentrations. 

The 20% (v/v) acetonitrile/H20 mixture was used in the above ESI-MS 

experiments because the presence of acetonitrile in solution increases the electrospray 

ionization efficiency. However, the addition of acetonitrile decreases the value of the 

dielectric constant from 78.5 in H2O at 25 to 70.1 in a 20% (v/v) acetonitrile/H20 

mixture at 25 This may have the effect of increasing long-range electrostatic 

interactions in solution, thus increasing the stability constants of the uranyl-citrate 

complexes. In addition, specific interactions between acetonitrile and solute molecules 
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may induce a change in the AG of complex formation. The overall effect of an increase in 

dielectric constant and a change in AG cannot be known without further investigation. 

The ESI-MS data corroborate earlier conclusions about the existence of the 

'y '51'? '51'^ '51^ 
{(U02)2Cit2} species, ' > and provide definitive evidence for the existence of 

Q 
two high-pH species, (U02)3Cit2, and {(U02)3Cit3} , proposed from titrimetric and 

spectrophotometric studies,^^ and from Raman spectroscopy (this work). Unfortunately, 

definitive structures cannot be proposed for these species from Raman spectroscopy and 

mass spectrometry alone. 

NMR Spectroscopy 

NMR spectroscopy is frequently used to study the coordination chemistry and 

equilibria of metal complexes in solution, but relatively few studies have been completed 

on systems involving the uranyl ion. and 'H NMR spectra were acquired on 

solutions containing the three uranyl-citrate complexes in an attempt to obtain more 

information on the coordinating citrate ligand, as well as on the environment of the 

13 1 oxygens bound to uranyl atoms. C and H NMR spectra for the uranyl-citrate system 

3 13 have been previously published, but the spectra were reacquired and are shown again 

here. 

'^O NMR 

'^O NMR spectra of solutions containing {(U02)2Cit2}^ , {(U02)3Cit3}^~, and (U02)3Cit2 

are shown in Figures 3.7a-c. '^O peak assignments and FWHM values are tabulated in 
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Table 3.2. Because of the low natural abundance of the '^O isotope (0.037%), '^O NMR 

data were acquired on samples ~10 times higher in concentration than those used for the 

Raman spectroscopic analyses described above. Raman spectra of the solutions used for 

NMR analysis were acquired to determine if {(U02)2Cit2}^ , {(U02)3Cit3}^ , and 

(U02)3Cit2 are also present at these high concentrations. These Raman spectra are shown 

in Figures 3.7d-f, and indicate that the three major uranyl-citrate species are still present 

at the pH and uranyl concentrations used for these studies. 

''O NMR chemical shifts of uranyl oxygens are very sensitive to changes in the 

nature of bonding to the uranium center.^ It has been noted that, for some organic 

ligands, '^O resonances of uranyl oxygens shift downfield with increasing equatorial 

ligand base strength, and this has been correlated to the lowest electronic transition 

•5 " y n  

energy of the uranyl complexes. An increase in equatorial ligand base strength also 

causes the U=0 bonds to weaken and lengthen, shifting Vs(U02) and Vas(U02) to lower 

frequencies. Thus, for certain ligands, '^O nuclear shifts can be linearly correlated with 

shifts in Vas(U02);^^^ this correlation between Vas(U02) and '^O chemical shifts is shown 

in Figure 3.8. No systematic studies have been completed examining the correlation 

between ''O nuclear shifts, electronic transition energy and vibrational stretching 

frequencies for ligands other than the ones shown in Figure 3.8. Considerable vibrational 

spectroscopy has been done on uranyl complexes, but very little data on ''O nuclear 

shifts exist. Data gleaned from the literature was used to determine if a linear relationship 

between '^O NMR resonances and Vs(U02) Raman shifts exists, as would be the case if 
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spectrum of (a), e) Raman spectrum of (b), f) Raman spectrum of (c). 



Table 3.2 chemical shift assignments for UOi^-citrate and U02^^ hydroxide 
species. 

Solution Composition Assignments 
0.5 M U02'^ 0.5 M 0.6 M 
0.5 M Citrate 0.5 M Citrate 0.4 M Citrate 

pH4.0 pH8.2 pH 8.2 
8 FWHM 5 FWHM 5 FWHM 

(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 
1137.6 1.6 1137.6 2.6 (U02)3Cit2 

1132.7 2.1 {(U02)2Cit2}'-
1130.3 1.8 
1127.7 2.2 1127.2 2.0 

1125.6 3.1 
1125.3 1.8 {(U02)3(0H)5}"^ 
1124.1 1.8 1124.1 4.2 {(U03)3Cit3}'-

1122.8 2.5 1123.2 2.3 
1122.0 2.2 

{(U02)2(0H)2}'^^ 1120.5 2.2 {(U02)2(0H)2}'^^ 
1119.4 2.6 1119.6 2.6 (U02)2Cit3 

1118.7 1.8 {(U02)2Cit2}'" 
1107.8 2.6 1107.8 2.5 (U02)2Cit3 

3 38 Assignments from Jung et al. 
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uranyl '^O resonances were simply related to equatorial ligand base strength. The data are 

plotted in Figure 3.9, and show that while certain species may follow this trend, the 

extent of the NMR shifts are not solely governed by the equatorial ligand base 

strength. 

Each of the three uranyl-citrate complexes formed uranyl-citrate solutions of 

different pH has a distinctive NMR signature resulting from differences in the uranyl 

17 oxygen envirormient (Figures 3.7a-c, Table 3.2). However, the O NMR spectra exhibit 

a complexity not seen in the Raman spectra in Figure 3.7d-f. 

The Raman spectrum of a pH 3.9 solution containing {(U02)2Cit2}^ clearly 

shows a major Vs(U02) peak at 826 cm ', indicating that both the uranyl moieties in the 

complex experience a similar bonding environment (Figure 3.7d). The peaks at 812 and 

795 cm ' in the Raman spectrum (Figure 3.7d) are due to the presence in solution of 

(U02)3Cit2 and {(U02)3Cit3}^~, respectively. The NMR spectrum of the same solution 

shows two intense peaks of equivalent intensities at 1118.7 and 1132.7 ppm (Figure 

3.7a). A number of smaller peaks also appear in the spectrum, and these are discussed 

further below. 

The presence of two NMR peaks in the spectrum shown in Figure 3.7a is 

interesting. The low natural abundance of precludes homonuclear spin-spin splitting. 

However, if the two intense peaks at 111 8.7 and 1132.7 ppm were simply a result of 

differences in U=0 bond length or strength, shifts in Vs(U02) might be expected. That 

vibrational shifts are not seen suggests that the chemical shifts in this case must be 

due to some other mechanism. The two peaks are of equivalent peak area, suggesting that 
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2_ the four uranyl oxygens in the {(U02)2Cit2} complex are in two separate environments. 

Szabo^ "^' noted a similar doublet for uranyl oxygens in a 1:1 uranyl-glyphosate complex 

(glyphosate = N-phosphonomethylglycine), and suggested that peak splitting may be due 

to steric interaction beween one oxygen in the phosphono group and one uranyl 

oxygen.^ Since the {(U02)2Cit2}^ complex is symmetric, the observed doublet in 

Figure 3.7a may be the result of a similar steric interaction between oxygens on the two 

uncoordinated carboxylate groups and two uranyl oxygens, as shown in Figure 3.10. 

A number of small peaks can be discerned between the two intense ones assigned 

to {(U02)2Cit2}^~ uranyl oxygen atoms. Two of these small peaks can be identified as the 

polyuranyl hydroxide species (U02)2(0H)2^^ and (U02)3(0H)5^, at 1120.5 and 1125.3 

ppm, respectively.^^^ The former species, having Vs(U02) of 854 cm"' can also be clearly 

identified in the Raman spectrum (Figure 3.7d). The small amount of {(U02)3Cit3}^~ 

present in solution at this pH gives rise to a small resonance at 1124.1 ppm in the 

NMR spectrum, and a corresponding Vs(U02) mode is seen at 795 cm"' in the Raman 

spectrum (Figure 3.7a and d). The peaks at 1130.3, 1127.7, and 1122.0 ppm are 

unassigned, but may also be due to mono or polyuranyl hydroxide species. There is very 

little information on '^O NMR chemical shifts of uranyl species. 

The O NMR spectrum of the trimeric complex, {(U02)3Cit3} , shown in Figure 

3.7b contains only one major peak at 1124.1 ppm, which is assigned to '^O resonances 

for {(U02)3Cit3}^" uranyl oxygens. The shoulder at 1119.7 ppm and the two smaller 

peaks at ~1107.8 and 1137.6 ppm can be assigned to oxygens in (U02)3Cit2 (Figure 



128 

Figure 3.10 Possible conformation of {(U02)2Cit2}2^ giving rise to a doublet in the 
NMR spectrum. 
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3.7c); Vs(U02) for (U02)3Cit2 is seen at 812 cm~^ in the Raman spectrum shown in Figure 

3.7d. The peak area of this Raman mode is -26% that of that for {(U02)3Cit3}^~ at 795 

cm"'. The combined peak areas of the three NMR resonances seen for (U02)3Cit2 in 

Figure 3.7b is -25% of that for {(U02)3Cit3}^~ at 1124.1 ppm. Other small peaks at 

1122.8 and 1127.2 ppm remain unassigned. The presence of a single resonance for 

{(U02)3Cit3}^ uranyl oxygens indicates that these oxygens are magnetically equivalent, 

• 17 and that the complex likely has a symmetric structure. The O NMR peak is of a broader 

nature than those assigned to {(U02)2Cit2}^ and (U02)3Cit2; NMR evidence 

discussed below suggests that {(U02)3Cit3}^~ is a fluxional molecule, and peak 

broadening may be a result of this fluxionality. Peak broadening may also be a result of 

the larger molecular radius of {(U02)3Cit3}^ compared to that of {(U02)2Cit2}^" and 

(U02)3Cit2, however. In this last case, increasing the temperature should result in 

narrower peaks, whereas if the broadening is due to the fluxional nature of 

{(U02)3Cit3}^ , narrower peaks would result from a decrease in temperature. 

The most complex '^O NMR spectrum is that acquired from a solution -0.6 M in 

U02^^ and -0.4 M in citrate, which shows three major resonances at 1137.6, 1119.6 

and 1107.8 ppm, and two small ''O resonances at 1122.8 and 1127.2 ppm (Figure 3.7c). 

T 

There is no evidence for the presence of {(U02)3Cit3} . The corresponding Raman 

spectrum is shown in Figure 3.7f. The VsCUOa) Raman envelope can be fit best with three 

peaks; two major peaks at 812 cm"' (assigned to (U02)3Cit2), and 789 cm"' (Figure 3.7f), 

and one minor peak -799 cm"'. These peaks comprise 49.3%, 44.1% and 6.6% of the 

Raman envelope, respectively. The peak at 812 cm ' is positively assigned to the 
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2^" (U02)3Cit2 species. The Raman spectra acquired at 60 mM in UO2 and 40 mM in citrate 

at this pH did not have a defined Vs(U02) peak at 789 cm"', although a shoulder at -760 

cm"' appears in the spectra in Figures 3.6h-j (this shoulder is not visible in the Raman 

spectrum shown in Figure 3.7e). The mode at 789 cm"' which is -1.5 times as broad as 

that at 812 cm"', could, in theory, be assigned to a new, high concentration, uranyl-citrate 

species, to an oligomer formed from (U02)3Cit2, or to a uranyl hydroxide species. 

Vs(U02) for (U02)3(0H)n^ , has been reported at 791 cm"',^^'' while those for 

U02(0H)4^" and U02(0H)5^" have been reported at 786 cm"' and 790 cm"', 

respectively.^ '^'' The '^O resonance for U02(0H)4^" lies at 1117 ppm; resonances for the 

other species have not been measured.^ These three uranyl hydroxide species have been 

detected only at pH > 11, making it unlikely any of them would exist in high 

concentrations at pH ~8. 

Alternatively, the mode at 789 cm ' may be rationalized as a result of different 

uranyl environments in the (U02)3Cit2 complex. Evidence for this lies in the fact that 

peak area ratios for the '^O NMR peaks at 1137.6, 1119.6 and 1107.8 ppm remain 

constant between Figure 3.7b and Figure 3.7c, which would be somewhat unlikely if the 

three peaks represented three different species. The ratio of the peak areas between these 

three peaks is 1:3.5: 2.3. For the (U02)3Cit2 complex, which contains 6 uranyl oxygens, 

the ratio of peak areas would be expected to be 1:3:2. However, there is evidence from 

'^C NMR that (U02)3Cit2 exists as a mixture of two closely related, rigid, structural 

isomers, which could explain the two major Raman modes and the three '^O NMR 



131 

resonances as well. However, this does not explain why the Vs(U02) mode at 789 cm"' is 

so much broader than the mode at 812 cm"'. 

At this very high concentration of UOi^ , precipitation of U02^^ hydroxides 

occurred. This was not encountered for this uranyl:citrate ratio at the lower 

concentrations discussed previously in this chapter. The solutions described in this 

section were filtered prior to acquiring the spectra, and the quantity of precipitate was not 

extensive. The solution remained clear and liquid-like for several weeks after preparation. 

'^C and 'H NMR 

'^C NMR spectra are shown in Figure 3.1 la-e. Figure 3.11a and b are of 0.5 M 

citrate solutions at pH 4.1 and 8.2, respectively, while Figures 3.11c-e are of solutions 

containing the three uranyl-citrate complexes. Expanded views of the high and low-field 

regions of the spectra are shown in Figure 3.12a-f. The dioxane reference standard 

appears at 66.5 ppm and is marked with an asterisk in all spectra. Peak positions and 

assignments are given in Table 3.3 for citrate and Table 3.4 for uranyl-citrate solutions. 

Linewidths (LW) were determined by fitting Lorentzian curves to the NMR data. 'H 

NMR spectra are given in Figure 3.13a-e. Figures 3.13a and b show spectra of 0.5 M 

citrate solutions at pH 4.1 and 8.2, while Figures 3.13c-e show spectra taken from 

solutions containing the uranyl-citrate complexes. The 3-(trimethylsilyl)propionic-

2,2,3,3,-d4 acid reference at 0.00 ppm is not shown. Peak positions are tabulated in Table 

3.5. 
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Figure 3.11 '^C NMR spectra of citrate and UOa^^-citrate solutions containing a) 0.5 
M citrate, pH 4.1, b) 0.5 M citrate, pH 8.2, c) 0.5 M 0.5 M citrate, 
pH 4.0, d) 0.5 M U02^^, 0.5 M citrate, pH 8.2, d) 0.6 M 0.4 M 
Citrate, pH 8.2. 
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Figure 3.12 NMR spectra of UOi^^-citrate solutions showing expanded views of 
high- and low-field regions, a-b) 0.5 M UOa^^, 0.5 M citrate, pH 4.0, c-d) 
0.5 M 0.5 M citrate, pH 8.2, e-f) 0.6 M U02^^, 0.4 M Citrate, pH 
8.2. 
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Table 3.3 chemical shift assignments for citrate. 

Citrate species 
pH 

4.0 7.8 
HzCif Cit^' 

Assignments" 

T W I W 
8 (ppm) 5 (ppm) 

179.10 2.0 181.89 1.8 
175.32 2.3 179.21 1.8 
73.97 2.0 75.12 2.3 
43.90 2.8 45.75 3.0 

-'^COOH (c) 
-'^COOH (t) 

-'^C-OH 

®c = central, t = terminal 
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IT ^ 

Table 3.4 C chemical shift assignments for uranyl-citrate species. 

So ution Composition" Assignments'' 
0.5 M U02^^ 
0.5 M Citrate 

pH4.0 

0.5 M U02^^ 
0.5 M Citrate 

pH8.2 

0.6 M U02^^ 
0.4 M Citrate 

pH8.2 
Species 

^ LW 
6(ppm) 

190.0 26.6 

, LW 
5(ppm) 

193.91 2.0 
193.82 3.0 
191.7 60.0 

181.93 4.0 

^ LW 
5(PPm) 

193.90 2.0 
193.82 2.3 

-'^COOH (c)' 

(U02)3Cit2 (a) 
(U02)3Cit2 (b) 

{(U02)3Cit3)}'' 
{(U02)2Cit2)}'" 

Cit^" 

182.7 34.1 

174.3 62.5 

184.43 2.8 
184.37 3.5 
184.2 85.6 
179.6 118.8 

179.98 2.0 
179.75 2.8 
179.27 4.8 

184.44 2.5 
184.38 2.5 

179.89 3.3 
179.66 3.8 

-'^COOH (t) 
{(U02)2Cit2)}^ 
(U02)3Cit2 (b) 
(U02)3Cit2 (a) 

{(U02)3Cit3)}'" 
{(U02)3Cit3)}'-
(U02)3Cit2 (b) 
(U02)3Cit2 (a) 

Cit^" 
{(U02)2Cit2)}'' 

90.5 10.8 
89.4 44.9 
88.78 2.3 
88.56 1.8 
75.18 3.0 

88.79 4.0 
88.57 3.0 

-'^C-OH 
{(U02)2Cit2)}'" 
{(U02)3Cit3)}'" 
(1102)3 Cit2 (a) 
(U02)3Cit2 (b) 

Cit^" 

48.7 29.6 

44.4 47.0 

51.13 6.8 
50.70 5.5 

48.8 58.2 
47.53 5.5 
47.30 5.0 
45.87 3.8 

51.15 9.0 
50.72 8.0 

47.51 5.3 
47.28 6.0 

-"CH2-
(U02)3Cit2 (a) 
(U02)3Cit2 (b) 

{(U02)2Cit2)}'" 
{(U02)3Cit3)}'" 
(U02)3Cit2 (b) 
(U02)3Cit2 (a) 

{(U02)3Cit3)}'" 
{(U02)2Cit2)}'" 

® peak positions are reported to two significant figures after the decimal point for 
peaks with LW values of < 10 Hz. 

''c = central, t = terminal 
(a) and (b) refer to isomer a and isomer b of (U02)3Cit2, respectively. 
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Figure 3.13 'H NMR spectra of citrate and uranyl-citrate species, a) 0.5 M citrate, pH 
4.0, b) 0.5 M citrate, pH 8.2, c) 0.5 M UOi^^, 0.5 M citrate, pH 4.0, d) 0.5 
M U02^^, 0.5 M citrate, pH 8.2, e) 0.6 M 0.4 M citrate, pH 8.2. 
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Table 3.5 'H chemical shifts for citrate and uranyl-citrate species. 

Assignments 
HiCit Cit'" {(U02)2Cit2)}'^ {(U02)3Cit3)}'- (U02)3Cit2 

5 (ppm) 8 (ppm) 6 (ppm) 5 (ppm) 6 (ppm) 
2.88 2.69 3.48 3.68 4.40 
2.86 2.66 3.73' 4.37 
2.75 2.53 4.34 

2.72 2.50 3.86 
3.85 
3.83 

3.81 
3.75 
3.73 
3.70 
3.67 
3.63 
3.60 

® shoulder 
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The spectrum of the unbound citrate ligand at pH 4.1 shows four signals at 5 = 

179.10, 175.32, 73.97, and 43.90 ppm (Figure 3.12a, Table 3.3). These correspond to the 

a- carboxyl carbon (or central carbon), the terminal carboxyl carbons, the quartemary 

carbon bonded to the hydroxyl group, and to the methylene carbons, respectively.^ At 

pH 8.2, the NMR signals have shifted downfield to 181.89, 179.21, 75.12, and 45.75. 

These shifts are a result of the deprotonation of the citrate carboxyl groups.^ The peaks 

due to uncomplexed citrate ligand are narrow, with linewidths on the order of 2 Hz 

(Table 3.3). 'H NMR spectrum for citrate at pH 4.1 shows the expected AB quartet with 

peaks at 2.86, 2.88, 2.75 and 2.72 ppm (Figure 3.13a). These peaks are shifted to higher 

field upon deprotonation of the carboxylate groups at pH 8.2 (Figure 3.13b). 

2"t" Figure 3.11c shows the full spectrum of a solution contaming 0.5 M UO2 and 

0.5 M citrate at pH 4.0 and indicates the major changes occurring upon formation of 

the{(U02)2Cit2}^ dimer shown in Figure 3.1a. Expanded views of the high and low-field 

regions of the NMR spectra are shown in Figure 3.12a and b. The following 

assignments are from Nunes and Gil.^^^ Peaks at 44.5 and 48.7 ppm are due to the two 

non-equivalent methylene carbons, while complexation through the hydroxyl group has 

caused a significant downfield shift of the quaternary '^C carbon peak to 90.5 ppm. Peaks 

at 174.3 and 182.7 ppm are from the non-equivalent terminal carboxyl group carbons, 

while the peak for the a-carboxy carbon appears at 190.0 ppm. The peaks due to the three 

non-equivalent carboxyl carbons show extensive line broadening. Line broadening can be 

arise as a result of the proximity of the carbon nuclei to the metal center, but can also be 

due to intramolecular exchange processes.^ Broadening of the methylene carbon peaks 
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as well as the quartemary carbon peak is also seen and may be evidence for an 

intramolecular ligand exchange process similar to that described in Bodor et al.^ for 

aluminum-citrate complexes in which the coordinated terminal COO" group of a citrate 

ligand is replaced by the uncoordinated COO" group of that ligand. The 'H NMR 

spectrum of this complex shows a broad peak at 3.48 ppm with a shoulder at 3.73 ppm 

1 o 
(Figure 3.13c, Table 3.5). As for the C spectrum, the broadening is probably due to 

ligand exchange as described above. 

-2 
As {(U02)3Cit3} and (U02)3Cit2 exist as an equilibrium mixture, the spectra of 

solutions containing the two high pH species are more difficult to interpret. Nunes and 

Gil^ show spectra for equimolar solutions of uranyl and citrate at pH 6.7 and 10.2, but 

they do not tabulate the data or provide peak positions. Tabulated data for a solution 

containing a 3:2 molar ratio of uranyl:citrate at pH 6.1 is provided, but their data is 

referenced to the free citrate ligand signals and is difficult to compare directly to ours. 

Figure 3.1 Id shows the full '^C spectrum of a solution containing 0.5 M U02^^ 

and 0.5 M citrate at pH 8.2. Expanded views of the high and low-field regions are shown 

in Figure 3.12c and d. At this pH and concentration range, the {(U02)3Cit3}^^ and the 

(U02)3Cit2 species coexist, with {(U02)3Cit3} being the predominant species. 

Comparison of peak areas for the two Vs(U02) modes shown in Figure 3.7b indicates that 

{(U02)3Cit3}^ (Vs(U02) of 795 cm ') comprises -74% of the total peak envelope at this 

pH and solution concentration. This is confirmed through the '^O NMR data, as well. 

Figure 3.1 le shows the full '^C spectrum of a solution 0.6 M in U02^^ and 0.4 M 

in citrate at pH 8.2; Figures 3.12e-f show expanded views of the high- and low-field 
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regions. An examination of Figures 3.12c-d and 3.12e-f reveals both similarities and 

differences in the spectra of the 3:3 and the 3:2 uranyl:citrate solutions at pH 8.2. 

Peaks at 181.93, 179.27, 75.18 and 45.87 ppm in Figures 3.12c-d can be assigned to free 

(uncomplexed) citrate ligand; the corresponding citrate 'H NMR peaks are also seen in 

the proton NMR spectrum in Figure 3.13d. Broad peaks appearing in the spectra are 

assigned to the {(U02)3Cit3} complex, while sharp peaks are assigned to two distinct 

(U02)3Cit2 complexes. These assignments will be discussed below. 

Three very broad peaks appearing at -191.7, -184.2, -180.0, 89.4, and 48.8 ppm 

may be correlated to the central carboxylate carbons, terminal carboxylate carbons, 

-2_ 
quaternary carbons, and the methylene carbons of the citrate ligands in {(U02)3Cit3} , as 

they do not appear in the spectrum of the 3:2 uranyl: citrate solution (Figures 3.12e-f). 

Interestingly, only one methylene carbon peak is seen, indicating that the magnetic 

environments of the methylene carbons are similar, and that all terminal carboxylate 

2_|_ groups in the citrate ligand are involved in bonding to the UO2 moieties in 

{(U02)3Cit3^"}. This is further evidence for the symmetrical nature of the {(U02)3Cit3}^~ 

complex. 

The broad nature of the NMR peaks for {(U02)3Cit3}^~ may indicate that this 

molecule undergoes an intramolecular ligand exchange process similar to that described 

for (U02)2Cit2^ . This postulate is corroborated by the single, broad, uranyl oxygen peak 

in the NMR spectrum of this complex. The presence of and 'H NMR signals for 

free citrate in this sample is also interesting. There are two possible explanations for the 

presence of free citrate in solution. First, the Raman and NMR data indicate that both 
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{(U02)3Cit3}^ and (U02)3Cit2 are present in equilibrium at equimolar U02^^:citrate 

ratios at pH 8.2. The relationship between these two complexes can be described in terms 

of the equilibrium 

{(U02)3Cit3} '"  — (U02)3Cit2+ {Cit}'-

Thus, free citrate ligand is in excess in solution as a result of the presence of (U02)3Cit2. 

The second possibility is that the citrate molecules in {(U02)3Cit3}^~ undergo a 

slow m/^ermolecular exchange.^ ^ The exchange is slow because the central alkoxy 

* 2"i" oxygen may act as an anchor towards UO2 , while the UO2 -carboxylate bonds can be 

broken and reformed much more rapidly.^ This carboxylate exchange is consistant with 

the breadth of the '^C peaks assigned to {(U02)3Cit3}^~ in Figure 3.12c. 

The NMR spectrum for the 3:3 uranyl:citrate species at pH 8.2 consists mainly 

of a single very large peak at ~3.7 ppm (Figure 3.13d). The intensity of this peak would 

seem to indicate that it is due to one or more exchangeable protons, possibly citrate 

hydroxyl protons. Although these samples were prepared in D2O, a large peak from HDO 

occurs -4.75 ppm in all the 'H NMR spectra (not shown in Figures 3.13a-e), and H/D 

exchange can easily occur. A small but well-resolved triplet can be seen at -4.4 ppm and 

a quartet at -3.8 ppm, resulting from the (U02)3Cit2 in solution at this pH. Peaks resulting 

from free citrate methylene hydrogens are seen at 2.69, 2.66, 2.53, and 2.50 ppm. 

The '^C and 'H NMR spectra of the (U02)3Cit2 species shown in Figures 3.12e-f 

and 3.13e are more difficult to interpret. The sample solution, prepared in D2O, was 
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initially 0.6 M in and 0.4 M in citrate. A yellow, U02^^-containing precipitate 

formed upon pH adjustment of the sample, and the solution had to be filtered before 

spectra were acquired. The sample also became viscous, perhaps indicating that further 

oligomerization of the uranyl-citrate complex occurred. 

• 3 13 • * Nunes and Gil described (U02)3Cit2 as a stable species with a rigid structure 

based on their 'H NMR data. The structure they proposed for this complex is shown in 

Figure 3.1b. The NMR peaks in Figures 3.12e-f are sharp and well-resolved. Six sets 

of doublets are barely visible in the spectrum at -193.8, 184.4, 179.7, 88.8, 51.2, and 

47.3 ppm. The peak positions for these doublets are reported in Table 3.4. The doublets 

indicate that two separate complexes are present in solution at this uranyl:citrate ratio, 

concentration and pH. Comparison of Figures 3.12c-d and 3.12e-f shows that the same 

two complexes are present in both sets of spectra, but vary in relative abundance. 

The two complexes must be similar in structure, given the small differences in 

peak position, but do not exchange on the NMR time scale. They are probably structural 

isomers of (U02)3Cit2. The peak linewidths are close to those for free citrate ligand, 

indicating no intramolecular ligand exchange processes occur. As previously suggested 

by Nunes and Gil,^^^ these complexes must be quite rigid and stable. The species have 

two sets of nonequivalent methylene carbons, and the downfield shift for the quartemary 

2_|_ carbon relative to that of citrate indicates that complexation to UO2 is through the 

hydroxyl group. The quaternary carbons are magnetically equivalent. The complexes 

have two sets of nonequivalent terminal carboxylate groups, but the central carboxylate 

groups are equivalent. The nonequivalence of the two methylene carbons and two 
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terminal carboxylate groups would seem to suggest that two of the terminal carboxylates 

do not participate in bonding to uranyl. 

T I T  

The structure proposed by Nunes and Gil (Figure 3.1b) contains four 

equivalent terminal carboxylate carbons, two equivalent central carboxylate carbons, two 

equivalent quartemary carbons and four equivalent methylene carbons. This would 

predict an NMR spectrum with four peaks. Figure 3.12e-f clearly shows that the 

complexes have nonequivalent methylene carbons and nonequivalent terminal 

2 carboxylate carbons, as in the {(U02)2Cit2} complex. 

The 'H NMR spectrum is quite complex, showing a sharp, intense peak at 3.75 

ppm, a series of small, well-defined peaks in the range from -3.6-3.9 ppm, and a triplet 

centered -4.35 ppm (Figure 3.13, Table 3.5). The peak at 3.75 ppm is unassigned, but 

may result Irom the exchange of one or more hydrogen ions for deuterium ions in the 

complex. 

ATR-FTIR Spectroscopy 

Infrared spectroscopy can be used to provide information on the coordinating 

1 ^ 
citrate molecule that can be used together with data from C NMR to provide a more 

complete interpretation of the bonding environment around the uranyl moieties. 

Figure 3.14 shows ATR-FTIR spectra of solutions containing 50 mM each of 

uranyl and citrate at pH 4.1 and 7.8 and of a solution 60 mM in uranyl and 40 mM in 

citrate at pH 7.6. At each of these pH values and uranyl:citrate ratios, one of the three 

major species in solution is expected to predominate. 
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In order to have a basis for comparison of the vibrational behavior of 

uncomplexed and complexed citrate, ATR spectra of 100 mM solutions of citric acid and 

its mono, di and tri-anions are shown in Figures 3.15a-d. Peak assignments are given in 

Table 3.6. The spectrum of fully protonated citric acid at pH 2.1 is characterized by two 

strong absorbance bands, the carbonyl symmetric stretching, Vs(C=0) at 1724 cm"', and a 

band at 1223 cm ' due to a combination of v(OC-OH) and 6(C-0-H) modes of the 

carboxylic acid group. With the deprotonation of one COOH group at pH 4.0, both 

modes decrease in intensity and shift to slightly to lower frequency, while two new 

modes appear at 1583 and 1397 cm ' that are assigned to the Vas(COO") and Vs(COO~) 

modes, respectively. The spectrum of the citrate dianion at pH 5.5 and the trianion at 

pH7.8 are very similar in appearance, with the Vas(COO~) mode more intense than that of 

the monoanion and shifted to lower frequency by ~ 20 cm"' relative to the spectrum of 

the monoanion. The frequency of the Vs(COO") mode also decreases, and the combination 

v(OC-OH) + 5(C-0-H) mode decreases significantly in intensity, revealing two medium 

intensity bands at 1278 and 1254 cm"' assigned to 6(0=C-0") modes of the carboxylate 

group. At pH 7.8, a weak band at 1100 cm ' is observed that is assigned to the Vs(C-OH) 

mode of the hydroxyl group. 

Upon complexation with uranyl, the vibrational spectrum of citrate changes 

significantly from that of the free ligand. At pH 4.1 where {(U02)2Cit2}^" predominates 

(Figure 3.5a), the presence of the Vs(C=0) band at 1730 cm ' confirms the presence of 

free, protonated carboxylic acid groups in the complex. The increase in frequency of this 
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Figure 3.14 ATR-FTIR spectra of showing spectral changes in citrate modes and 
Vas(U02) as a function of pH and uranyhcitrate ratio, a) pH 4.1, 1:1 
U02^^:citrate, b) pH 7.8, 1:1 U02^^:citrate, c) pH 7.6, 3:2 UOi^^:citrate. 
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Figure 3.15 ATR-FTIR spectra of a 100 mM solution of citric acid showing spectral 
changes as a function of pH. a) pH 2.1, b) pH 4.0, c) pH 5.5, d) pH 7.8. 
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Table 3.6 IR peak frequencies (in cm ') and assignments for aqueous species citrate 
and uranyl-citrate species. 

Citrate species Uranyl-citrate species 
pH pH Assign." 

2.1 4.0 5.5 7.8 4.0 7.8 7.6 
HjCit HjCit HCit^" Cit^" {(U02)2Cit2}'- {(U02)3Cit3}'- (U02)3Cit2 
1724 1721 1725 1730 Vs(C=0) 

1583 1568 1565 1579 1564 1566 Vas(COO ) 
1411s 

1455s 
1440s 1438s 1429s 1420s 7(CH2) 

1397 1391 1389 1393 1378 Vs(COO ) 
1382 1374sh Vs(COO ) 

1296 
1223 1220 v(OC-OH) 

+ 5(C-0-H) 
1279 1278 1278 8(0=C-0 ) 

1236 1242 1246 8(0=C-0 ) 
1254 1207 1211 1214 8(0=C-0 ) 
1100 1085 1103 1104 v(C-OH) 

1067 v(C-OH) 
919 891 888 Vas(U02) 

" V = stretch; Vs = symmetric stretch; Vas = asymmetric stretch; 8 = deformation; 
s = shoulder 
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mode relative to that of the citrate monoanion at pH 4.0 may be due to disruption of 

intramolecular hydrogen bonding with concomitant strengthening of the C=0 bond upon 

complex formation. The Vas(COO~) and Vs(COO~) modes appear at 1579 and 1382 cm"', 

respectively. Bands of medium intensity associated with 6(0=C-0~) vibrations appear at 

1236 and 1207 cmand the hydroxyl Vs(C-OH) now appears as a sharp band at 1085 

cm"'. The H2O libration band absorbs strongly below 1000 cm"', making it difficult to 

obtain quality spectra in this region. However, a band due to Vas(U02) is observed at 919 

cm '. 

At higher pH values, the {(U02)3Cit3}^ and (U02)3Cit2 complexes coexist, 

making the IR spectra in Figures 3.14b and c somewhat more difficult to interpret. At pH 

•3_ 
7.8 and a 1:1 uranyl:citrate ratio (Figure 3.14b), {(U02)3Cit3} predominates. Based on 

the relative areas of the 812 and 795 cm ' Vs(U02) modes in the Raman spectrum at pH 

7.8, the relative amount of (U02)3Cit2 is estimated to be -25% of the sum of these two 

species. The Vas(COO") mode at this pH appears at 1564 cm"', -15 cm"' lower than its 

•y 1 
position for {(U02)2Cit2} . The Vs(COO ) mode has split into a sharp peak at 1393 cm 

and a shoulder at -1374 cm"', indicating the presence of two discrete COO" 

envirormients. Two modes due to 6(0=C-0 ) appear at 1242 and 1211 cm"', only 

slightly shifted from their positions in the spectrum of {(U02)2Cit2} . The hydroxyl 

Vs(C-OH) splits into two modes at 1103 and 1067 cm"', possibly indicating two OH 

conformations. The Vas(U02) mode appears at 891 cm '. At pH 7.6 and a 3:2 

uranyl:citrate ratio (Figure 3.14c), (U02)3Cit2 predominates, with the {(U02)3Cit3}^" 

complex contributing -40% to the spectrum. In this spectrum, Vs(COO ) appears as one 
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broad band with a maximum at 1378 cm"' with weak shoulders at -1420 and 1455 cm"'. 

The shoulder at -1420 cm"' may be related to a CH2 deformation mode, but the weaker 

shoulder at 1455 cm"' remains unassigned. The 5(0=C-0") modes are essentially 

unchanged at 1246 and 1214 cm"', but weak modes now appear at 1296 and 1278 cm"'. 

A single hydroxyl Vs(C-OH) mode appears at 1104 cm ', and the Vas(U02) mode is 

observed at 888 cm '. 

Summary 

The data reported in this chapter lend additional support for the proposed structure 

of the {(U02)2Cit2} complex shown in Figure 3.1a. The C NMR data acquired here 

agrees with that reported by Nunes and Gil,^ and indicates that bonding occurs through 

the hydroxyl group and two of the three citrate carboxylate groups (Figures 3.12a and b). 

The intense 5(0=C-0") modes in the IR spectrum confirm participation of the 

carboxylate groups in bonding to uranyl, while the Vs(C=0) mode is an indication that 

uncoordinated carboxyl groups are present in the {(U02)2Cit2} complex (Figure 3.14a). 

These uncoordinated groups are partially protonated at pH 4. The v(C-OH) mode also 

confirms participation of the citrate hydroxyl groups in bonding. Both the Raman and the 

2 IR spectra indicate that the uranyl moieties in the {(U02)2Cit2} species are in equivalent 

coordination environments, giving rise to a single Vs(U02) or Vas(U02) band. However, 

the complex has two "O NMR resonances, possibly as a result of steric interactions 

between the uncoordinated carboxylate oxygen atoms and uranyl oxygen atoms, as 

shown in Figure 3.10. 
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There is no direct experimental evidence for the existence of structural isomers of 

9— 1 
{(U02)2Cit2} , although C NMR data mdicate that an intramolecular exchange process 

occurs between the coordinated and uncoordinated terminal COO" groups. Presumably, 

the uncoordinated terminal COO" group may also exchange with the coordinated central 

COO^ group, and a variety of isomeric forms of {(U02)2Cit2}^ should be possible. 

However, this type of exchange would not appreciably change the nature of the uranyl 

coordination environment and would not result in a separate, distinguishable peak in the 

Raman or IR spectrum. 

• 3~ A structure for the {(U02)3Cit3} complex has not previously been determined. 

The single '^O NMR resonance seen for this complex indicates that the uranyl oxygen 

atoms are magnetically equivalent and that the complex has a symmetric structure (Figure 

3.7b). The Raman and IR spectra (Figure 3.7d and Figure 3.14a) also show but a single 

• 2"" peak, although, as in the case with {(U02)2Cit2} , unless there is a dramatic change in 

the uranyl coordination environment, more than one isomeric form may exist and still 

1 ^ 
give rise to a single vibrational mode. The C NMR peaks are extremely broad, showing 

that this molecule is of a fluxional nature, and the presence of free citrate in solution is 

evidence for intermolecular exchange. The intense 6(0=C-0") and v(C-OH) modes in 

the IR indicate that coordination is again through citrate carboxylate groups and hydroxyl 

^ ^ 1 o . 
groups, corroborating information from C NMR. While the presence of two Vas(COO ) 

modes may indicate either that the carboxylate groups in the complex are nonequivalent 

or that isomeric forms of the molecule are present. The v(C-OH) mode is split, perhaps 
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indicating that the hydroxyl groups are nonequivalent as well. A tentative structure for 

one possible isomeric form of this species is shown in Figure 3.16. 

Determining reasonable structures for the two isomeric forms of (U02)3Cit2 is 

13 1 more challenging. The sharp, narrow C and H NMR peaks suggest that the two 

isomeric complexes have rigid structures and that their interconversion is slow on the 

NMR time scale. As in the {(U02)2Cit2} and {(U02)3Cit3} complexes, the intense 

5(0=C-0~) and v(C-OH) modes again corroborate the NMR data indicating that 

coordination occurs both through citrate carboxylate groups and hydroxyl groups. Two 

groups of 5(0=C-0~) modes are present, possibly indicating different isomers or a 

different coordination environment. The quaternary carbons are magnetically equivalent, 

suggesting that both hydroxyl groups in the citrate ligands are coordinated. The 

nonequivalence of both the methylene carbons and terminal carboxylate carbons suggests 

that two of the terminal carboxylate groups are either uncoordinated, as in the 

{(U02)2Cit2}^ complex or are in different coordination envirormients, as suggested by 

the IR data. The central carboxylate groups are magnetically equivalent and the extent of 

the downfield shift indicates that they are probably coordinated as well. The two Vs(U02) 

2"'" modes in the Raman spectrum suggest a difference in the UO2 coordination 

environment either within each complex or between the two isomers, while the three "O 

NMR peaks may result from either differences in coordination or steric effects, as 

described for {(U02)2Cit2}^ . 

Two tentative structures are shown in Figurea 3.17a and b. The first, in Figure 

3.17a is similar to that proposed by Nunes and Gil^ (Figure 3.1b) but is coordinated in 
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Figure 3.16 Proposed structure for {(U02)3Cit3}^ based on and ''O NMR data. 
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Figure 3.17 Tentative structures for (U02)3Cit2 complexes based on NMR and IR 
data, a) Cyclic structure similar to that previously proposed by Nunes and 
Gil,^ b) linear structure. 
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such a way that two 7-membered rings and two 6-membered rings are formed. Two of the 

uranyl moieties are joined by OH groups. This structure is less strained than that shown 

in Figure 3.1 and contains two nonequivalent methylene carbons. In addition, the uranyl 

moieties are in different coordination environments. This is not entirely consistent with 

the Raman data, however, as the two Vs(U02) peaks are almost equivalent in area, 

whereas a ~1:2 peak area ratio is expected from the structure in Figure 3.17a. Isomeric 

forms of this complex could have have overlapping Vs(U02) modes. Alternately, this 

cyclic complex could coexist with the linear complex shovra in Figure 3.17b, which is 

1 ^ 
less strained but also fits the C NMR and IR data. This complex would also have two 

Vs(U02) modes. Neither of these two structures explains the '^O NMR spectrum in Figure 

3.7e. Both the cyclic molecule and the linear molecule would be expected to have at least 

two NMR modes, although steric or conformational effects could result in a more 

complex spectrum. 

Conclusions 

A detailed spectroscopic examination the UO2 -citrate system is presented in this 

chapter. The Raman active Vs(U02) mode was used to distinguish the three U02^^-citrate 

complexes and to elucidate their equilibrium distribution in aqueous solution. The 

uranyl:citrate ratios in each complex were determined using electrospray ionization mass 

spectrometry. One high-pH complex, {(U02)3Cit3} , was found in addition to the 

previously established {(U02)2Cit2}^ and (U02)3Cit2 species. ''O NMR was used to 

corroborate information from Raman spectroscopy, and proved to be a sensitive tool for 
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elucidating the differences in bonding to the uranum center that characterize the three 

9+ 1 ^ 
major UO2 -citrate complexes. C NMR and ATR-FTIR spectroscopies provided 

corroborating information as to the nature of citrate coordination to in these 

complexes. The combination of results obtained using NMR and ATR-FTIR confirms the 

structure previously proposed for {(U02)2Cit2} , and suggests that the {(U02)3Cit3} 

complex is a symmetric, fluxional molecule, as shown in Figure 3.14. The spectroscopic 

data also suggest that two rigid structural isomers of (U02)3Cit2 exist. Two possible 

structures for (U02)3Cit2 are shown in Figures 3.15a and b. 

Citrate is a common constituent of soils and is clearly important to the 

equilibrium distribution of uranium in aqueous solution at envirormientally-relevant pH 

values. The pH-induced structural changes undergone by the uranyl-citrate species 

described here allow a better understanding of previously-observed phenomena such as 

the pH-dependence of U02^-citrate complex biodegradation and 

photodegradation, ^ ^ both of which are processes under investigation for the 

remediation of uranium in soils.^ ^ ^ In addition, the strength of the U02^^-

citrate interaction means that the formation of insoluble uranium(VI) oxides will be 

precluded if the concentration of citrate is approximately equal to that of uranyl. 
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CHAPTER 4 

ELECTROSPRAY IONIZATION MASS SPECTROMETRY OF URANYL-CITRATE 

COMPLEXES 

Introduction 

Recent years have seen an upswing in interest in the gas-phase chemistry of 

actinide (An) ions. The most important motivation for these investigations has been to 

understand the role of the 5f electons in An""^ and AnOn^ chemistry.'^' Many of these 

studies were (and are) limited to uranium and thorium because of the difficulty in 

handling the more highly radioactive actinides in conventional laboratories, although 

some research into the gas-phase chemistry of other actinide ions has been completed."^' 

Most of the gas-phase studies involving uranium have focused on reactions of and 

UO^ with alkanes'^^' and alkenes,'^ alcohols, thiols and ethers,and arenes.'^^ Other 

studies have demonstrated that may be easily oxidized by small molecules such as O2, 

CO, CO2, COS, H2O and The gas-phase chemistry of uranium in the IV, V, 

and VI oxidation states (U"*^, UOi^ and UOi^^, respectively) has been less well studied. 

Mar9alo et investigated the reactions of U02^ with various arenas, and Gresham et 

al."^^® have examined H2O adduct formation with U02^ and U02^^. 

Most of the previous studies used surface ionization,''^ pulsed glow discharge, 

or laser ablation"*^"^techniques to create uranium ions in the lower valent states for 
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study. Electrospray ionization can be used to generate ions in the more commonly found 

U(IV) and U(VI) oxidation states from solutions containing these species. Electrospray 

ionization mass spectrometry can, in principle, be used to directly interrogate uranium-

containing solutions under various chemical conditions, and will hopefully lead to an 

improved understanding of uranium solution speciation, as well as opening up an 

important and interesting new area of research into the gas-phase chemistry of U(IV) and 

U(VI)-containing species. 

The use of ESI-MS to examine U(VI) speciation, U(VI)-ligand stoichiometry and 

structure, and gas-phase chemistry is still in its begirming stages, and to the author's 

knowledge, no studies examining U(IV) exist at all. Therefore, much remains to be done 

to elucidate the types of chemical transformations of U(VI) or U(IV) species during the 

electrospray process and in the mass spectrometer. Of importance are changes in 

oxidation state, changes in number or type of coordinating ligand, adduct formation with 

alkali ions, anions, or solvent molecules, and effects of solvent on the gas phase 

chemistry of the species of interest. As an additional complicating factor, some of these 

reactions may be instrument specific, dependent on conditions in the ion trap or reactions 

occurring during electrospray ionization or desolvation. Therefore, careful experiments 

must be carried out using different instrumental techniques to gain a complete 

understanding of the gas-phase chemistry of U(VI). Below is a brief discussion of several 

types of reactions involving U(VI) that have been observed during electrospray of 

aqueous U(VI) solutions or in the ion trap during mass spectrometric analysis. 
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Reduction of U(VI) to U(V) is known to occur during ESI-MS. Agnes and 

Horlick"^^' presented preliminary results for the analytical use of ESI-MS for elemental 

analysis of metals and detected UOi^ as the dominant ion from a solution of uranyl(VI) 

nitrate, indicating that charge reduction occurred. Moulin et al.'^ compared results from 

ESI-MS to those obtained using fluorescence spectroscopy to examine the speciation of 

U02^^ from a 0.04 mM solution of uranyl perchlorate. They observed the formation of 

[(U02^^)(C104")(H20)n]^ and [(U02^^)(0H")(H20)n]^ ions (where n = 0-3) at pH 2.3 and 

3.5, respectively, and ions corresponding to [(U02^^)(0H~)(H20)n]^ and [(U02)3(0H)5]"^ 

at pH 6.8. Interestingly, during collision-induced dissociation (CID) of 

[(U02^^)(0H~)(H20)n]^ the bare ion, U02^, was only observed upon the loss of all 

coordinating water molecules, suggesting a simple charge transfer from a H2O ligand 

with elimination of a H2O radical. Reduction of U(VI) has also been noted during CID of 

[(U02^^)(N03")] and [(U02^^)(R0")] (where R = CH3 or CH2CH3) as a result of loss of 

N03" and RO' during CID.^ 

One further complication is that the stoichiometrics of U(VI)-ligand complexes 

may not be conserved during the electrospray process. Lamouroux et al.'* noted that, 

while U(VI) is extracted by tributyl phosphate (TBP) in the PUREX process as 

U02(N03)2(TBP)2, exchange of N03~ for TBP takes place during ionization, resulting in 

2_j_ -j_ , , , , the appearance of the [(UO2 )(N03 )(TBP)3] ion in the mass spectrum. Likewise, as 

discussed in a subsequent chapter, ligands such as CO3 may be extremely labile at the 

relatively high temperatures required for desolvation, and may be replaced by N03~. 
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Finally, U(VI) readily forms complexes or adducts with commonly occurring 

anions such as NOa" and CI , alkali ions, and gas-phase solvent molecules such as 

CH3OH, CH3CN and H2O. These reactions can greatly complicate spectral interpretation. 

N03~ may be either weakly associated with the U(VI) moiety and readily lost during 

or quite strongly held as a bidentate complex (discussed in subsequent chapters). 

2_|_ In this chapter the gas-phase chemistry of the UO2 -citrate complexes is 

investigated; the chemistry of other UO2 -containing species is discussed in subsequent 

chapters. All spectra discussed below are positive ion mode spectra; no ions were 

detected when samples were run in negative ion mode. 

Gas-Phase Chemistry of the Uranyl-Citrate Complexes 

Adduct Formation with Alkali Ions 

In studying speciation of metal-ligand complexes, it is important to discriminate 

between reactions occurring in solution, and those occurring during desolvation or in the 

gas phase. Adducts may form with excess ligand in solution, and ions from these species 

must be distinguished from those metal-ligand complexes important to the speciation and 

aquatic chemistry of the metal of interest. The formation of adducts with alkali metal ions 

and common solution anions such as chloride and nitrate with the metal-ligand 

complexes of interest can also greatly complicate the interpretation of ESI spectra. 

Therefore, experiments must be performed to determine the effects of adduct formation 

on the mass spectrum, and to facilitate differentiation of adduct species from species 

related to the chemistry of the metal in solution. 
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In the case of the uranyl-citrate complexes, adduct formation appears to be based 

at least partly on structural considerations. For instance, as mentioned in Chapter 3, 

HNO3 and HCl adducts are readily formed with {(U02)2Cit2}^" and (U02)3Cit2, but not 

with {(U02)3Cit3}^ . Similarly, Na"^ forms adducts with {(U02)2Cit2}^~and (U02)3Cit2, 

which appear as the most intense peaks in the mass spectra of these species, yet no Na^ 

-3_ -J_ 
adducts of {(U02)3Cit3} are seen. {(U02)3Cit3} does, however, form a complex with 

K^, which shows up as a low-intensity peak in the mass spectrum. The formation of these 

species can be seen most clearly in Figures 3.7a-e and as tabulated in Table 3.2. Na"^ and 

K^, present in solution as contaminant ions, presumably form adducts with uranyl 

complexes as a result of ion transfer from solution during desolvation. In order to further 

investigate this phenomenon, samples of uranyl-citrate complexes were spiked with Na^ 

and K^. 

As discussed above and in Chapter 3, {(U02)2Cit2} is the most important species 

in a pH 4.0 solution 0.5 mM each in uranyl and citrate. In the gas phase, this species can 

form adducts with Na^, H2O, CH3CN, and HNO3 or HCl. Although the relative intensities 

of these cluster ions may vary somewhat in replicate analyses, in general, 

[(H2(U02)2Cit2)(HN03)(l-l20)(Na'^)]'^ (m/z 1024.4) appears as the most intense ion in the 

spectrum when N03~ is the counter ion present in solution (Figure 4.1a, Table 4.1). When 

a solution containing {(U02)2Cit2}^ is made 1 mM in Na^, a series of NaVH^ exchange 

reactions occur such that the acidic protons on [(H2(U02)2Cit2)(HN03)(H20)(Na^)]^ are 

sequentially replaced by Na^. Ions corresponding to these exchange reactions appear at 
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Figure 4.1 Positive ion mass spectra showing the formation of alkali ion adducts with 
H2(U02)2Cit2. All samples in 20% CH3CN/80% H2O at wpH 4.0. a) 0.5 
mM U02^^, 0.5 mM citrate, 1.0 mM NO3 , b) 0.5 mM 0.5 mM 
citrate, 2.0 mM NOa", 1.0 mM Na"^; • and O indicate minor series, c) 0.5 
mM U02^^, 0.5 mM citrate, 2.0 mM NOs", 1.0 mM K"^. 



Table 4.1 ESI-MS peak assignments for H2(U02)2Cit2 complexes and adducts. 

X = Na^ X = 

Species 
Calc. Obs. Calc. Obs. Calc. Obs. 

Species 
m/z m/z m/z m/z m/z m/z 

[(H2(U02)2Cit2)(NH4")]" 938.1 938.4 
[(H2(U02)2Cit2)(H20)(NH/)]" 956.1 955.8 
[(H2(U02)2Cit2)(H20)(X")]" 961.1 961.5 
[(H2(U02)2Cit2)(H20)2(X")]^ 979.1 979.1 
[(H2(U02)2Cit2)(CH3CN)(H20)(X")]" 1002.1 1002.2 
[(H2(U02)2Cit2)(HN03)(H20)(X")]" 1024.1 1024.4 
[(H2(U02)2Cit2)(HN03)(H20)(X")2(-H")]" 1046.1 1046.5 
[(H2(U02)2Cit2)(HN03)(H20)(X")3(-2H")]" 1068.1 1068.3 
[(H2(U02)2Cit2)(HN03)(H20)(X")4(-3H")]" 1090.0 1090.6 
[(H2(U02)2Cit2)(HN03)(H20)(X")5(-4H")]" 1112.0 1112.7 
[(H2(U02)2Cit2)(HN03)(H20)(X")6(-5H")]" 1134.0 1134.7 
[(H2(U02)2Cit2)(HN03)(H20)(X")7(-6H")]" 1156.0 1156.8 
[(H2(U02)2Cit2)(HN03)(X")2(-H")]" 1060.0 1059.6 
[(H2(U02)2Cit2)(HN03)(X")3(-2H")]" 1098.0 1097.6 
[(H2(U02)2Cit2)(HN03)(X")4(-3H")]" 1135.9 1135.5 
[(H2(U02)2Cit2)(HN03)2(X^)2(-H")]^ 1123.0 1122.4 
[(H2(U02)2Cit2)(HN03)2(X")3(-2H")]" 1161.0 1160.4 
[(H2(U02)2Cit2)(HN03)2(X")4(-3H")]" 1198.9 1198.5 
[(H2(U02)2Cit2)(HN03)2(X")5(-4H")]" 1236.9 1236.7 
[(H2(U02)2Cit2)(HN03)3(H20)(H")]" 1128.1 1128.5 
[(H2(U02)2Cit2)(HN03)3(H20)(X")]" 1150.1 1150.6 
[(H2(U02)2Cit2)(HN03)3(H20)(X")2(-H")]" 1172.1 1172.7 
[(H2(U02)2Cit2)(H3Cit)(H")]2'" 1113.1 1112.6 
[(H2(U02)2Cit2)(H3Cit)(NH4")]" 1130.2 1130.1 
[(H2(U02)2Cit2)(HN03)2(NH4N03)(NH4")]" 1144.2 1144.2 
[(H2(U02)2Cit2)(H20)(H3Cit)(X")]" 1153.1 1153.2 
[(H2(U02)2Cit2)(H20)(H3Cit)(X")3(-2H")]" 1197.1 1197.3 
[(H2(U02)2Cit2)(H20)(H3Cit)(X")4(-3H")]" 1219.1 1219.2 
[(H2(U02)2Cit2)(H20)(H3Cit)(X")5(-4H")]" 1241.0 1241.3 
[(H2(U02)2Cit2)(H20)(H3Cit)(X")6(-5H")]" 1263.0 1263.5 
[(H2(U02)2Cit2)(H20)(H3Cit)(X^)7(-6H^)]^ 1285.0 1285.5 
[(H2(U02)2Cit2)(H3Cit)2(H")]" 1305.2 1304.5 
[(H2(U02)2Cit2)(H3Cit)2(X")]" 1327.1 1326.4 1343.1 1342.4 



163 

m/z 1046.5, 1068.4, 1090.6, 1112.7, 1134.7 and 1156.8 (Figure 4.1b). It appears that all 

six exchangeable protons on this ion, two from the carboxylic acid groups, two from the 

citrate hydroxyl groups, one from H2O and one from HNO3, can be replaced by Na^. 

Replacement of four protons is preferred, as [(Na2(U02)2Cit2)(NaN03)(Na0H)(Na'^)]^ at 

m/z 1112.7 is the most prominent ion in the mass spectrum. Since the protons on the two 

hydroxyl groups in the complex are the least acidic, they are probably the most likely to 

be retained. 

Two separate, but minor series can also be seen in Figure 4.1b. The peaks of the 

first minor series are marked with a closed triangle. The series starts with an ion at m/z 

1128.5, assigned to [(H2(U02)2Cit2)(HN03)3(H20)(H'^)]'^, and continues with 

[(H2(U02)2Cit2)(HN03)3(H20)(Na^)]'^atm/z 1150.6 and 

[(H2(U02)2Cit2)(HN03)3(H20)(Na^)2(-H^)]^ at m/z 1172.7. Peaks of the second minor 

series are marked with an open diamond. This series corresponds to Na^/H"^ exchange 

reactions with [(H2(U02)2Cit2)(H20)(H3Cit)(Na"^)]"^ (m/z 1153.3) and begins here with 

[(H2(U02)2Cit2)(H20)(H3Cit)(Na'^)3(-2H^)]^ at m/z 1197.3. Replacement of four of the 

remaining exchangeable protons on this ion with Na^ results in additional ions at m/z 

1219.2, 1241.3, 1263.5 and 1285.5. Here replacement of four and five of the nine total 

exchangeable protons on [(H2(U02)2Cit2)(H20)(H3Cit)(Na^)]^ are preferred, as the ions at 

m/z 1241.3 and 1263.5, corresponding to [(H2(U02)2Cit2)(H20)(H3Cit)(Na'^)5(-4H'^)]'^ 

and [(H2(U02)2Cit2)(H20)(H3Cit)(Na^)6(-5H^)]'^, respectively, are the most prominent in 

this series. Again, the hydroxyl protons are the most likely to be retained in this case. As 

with Na"^, a series of KVH"^ exchange reactions also occur when a pH 4.0 solution 0.5 
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mM each in uranyl and citrate is spiked such that the final solution is 1 mM in K^. In this 

case, two separate series involving adduct formation with ions containing the 

H2(U02)2Cit2 species are observed (Figure 4.1c). The first series contains peaks at m/z 

1059.6, 1097.6, and 1135.5, corresponding to the ions 

[(H2(U02)2Cit2)(HN03)(r)2(-H^)]^ [(H2(U02)2Cit2)(HN03)(r)3(-2H^)]^and 

[(H2(U02)2Cit2)(HN03)(K'^)4(-3H^)]^, respectively. The second, more prominent, series, 

with peaks at m/z 1122.4, 1160.4, 1198.5, and 1236.7 results fi-om the addition of a 

KNO3 molecule to [(H2(U02)2Cit2)(HN03)(K+)2(-H+)]^ [(H2(U02)2Cit2)(HN03)(K^)3(-

2H'^)]'^, and [(H2(U02)2Cit2)(HN03)(K'^)4(-3H'^)]'^. It is interesting to note that in the 

presence of K^, no H2O adduct with H2(U02)2Cit2 is formed, but that adduct formation 

with KNO3 is possible. This behavior is in contrast to that observed with Na^ in which 

almost all Na"^ adduct ions also possess at least one H2O molecule. This difference is 

clearly the result of the higher hydration energy of Na"^ relative to K"^. 

• 3~ As discussed in Chapter 3, {(U02)3Cit3} and (U02)3Cit2 predominate in solution 

at higher pH. These species form adducts with Na"^ and in a manner similar to 

{(U02)2Cit2}^ , as can be seen in the spectra shown in Figures 4.2a-c. Assignments are 

provided in Table 4.2. In a solution of 0.6 mM uranyl and 0.4 mM citrate with CI as 

counter anion, the base ions [(H3(U02)3Cit3)(H20)(H^)]'^ and 

[((U02)3Cit2)(HCl)(H20)2(Na^)]^ appear at m/z 1398.9 and 1283.1, respectively (Figure 

4.2a, Table 4.2). The addition of 1 mM Na^ to this solution results in the appearance of 

ions corresponding to two separate series of adducts involving H3(U02)3Cit3 
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Figure 4.2 Positive ion mass spectra showing the formation of alkali ion adducts with 
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(Figure 4.2b). The more predominant series starts at m/z 1420.7 and corresponds to 

Na^H"^ exchange reactions of the type [(H3(U02)3Cit3)(H20)(nNa^ - (n - where 

n corresponds to the number of Na^ ions added. The base ion contains eight exchangeable 

protons (including three associated with the citrate hydroxy! groups). Six Na'^/H^ 

substitutions occur in this series of exchanges, as shown by peaks at m/z 1420.7, 1442.9, 

1464.8, 1486.7, 1508.8, and 1530.8. Peaks resulting from the first three substitution 

reactions are most prominent. 

A second, less abundant series beginning at m/z 1458.7 and denoted with an open 

circle symbol is also visible in the mass spectrum. This series corresponds to exchange 

reactions of the type [(H3(U02)3Cit3)(H20)(K'^)(nNa'^ - nH"^)]"^. The observation of 

adducts in solutions containing significant amounts of Na"^ is striking and may be the 

result of greater exposure of oxygen atom lone pair electrons in this large uranyl-citrate 

complex. Here, only four peaks relating to the Na^/H"^ substitutions are seen, possibly due 

to the weak signal intensity. Signal intensities of the [((U02)3Cit2)(HCl)(H20)2(Na'^)] ion 

and its adducts are also extremely weak, but peaks at m/z 1305.1 and 1327.0 indicate that 

at least two H'^/Na^ exchange reactions occur. 

When the solution is made 1 mM solution in K^, a series of ions corresponding to 

KVH"^ exchange reactions of the type [(H3(U02)3Cit3)(H20)(nK^ - (n-l)H^)]^ appear at 

m/z 1436.9, 1474.7, 1512.7, 1550.5 and 1588.5. As for Na^ adduct formation, described 

above, six exchanges occur. However, no series analogous to the 

[(H3(U02)3Cit3)(H20)(K+)(nNa^ - nH^)]+ series (i.e. [(H3(U02)3Cit3)(H20)(Na^ + nK^ -

nH^)]^) is observed, suggesting that adducts with are preferred for this uranyl-citrate 
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complex. This conclusion is consistent with the observation above that adducts are 

observed even in solutions that are 1 mM in Na"^. 

Signal intensities of the [((U02)3Cit2)(HCl)(H20)2(Na^)]^ ion and its adducts are 

extremely weak, but peaks at m/z 1298.4, 1321.0 and 1358.6 indicate that at least three 

HVK^ exchange reactions occur. The observation of Na"^ adducts of the (U02)3Cit2 

complex in solutions containing 1 mM K"^ is interesting and suggests a preference of this 

complex for Na^ relative to K"^. Since all Na^ adducts observed under these conditions 

also contain H2O, it is impossible to know whether the Na^ affinity is for (U02)3Cit2 or 

for H2O. 

Adduct Formation with Excess Citric Acid Ligand 

3~ 2~ Both {(U02)3Cit3} and {(U02)2Cit2} can form gas-phase adducts with citric 

acid when excess citrate is present in solution. Figure 4.3a shows the resulting ESI mass 

spectrum of a solution 10 mM in citrate and 0.5 mM in uranyl at pH 4.0. Assignments are 

given in Table 4.1. Intense peaks at m/z 1153.2 and 1304.5 correspond to 

[(H2(U02)2Cit2)(H20)(H3Cit)(Na^)]^ and [(H2(U02)2Cit2)(H3Cit)2(H^)]"', respectively. 

The singly-charged ion at m/z 1130.1 is assigned as [(H2(U02)2Cit2)(H3Cit)(NH4^)]^. The 

small doubly-charged peak at m/z 1112.6 is assigned as [(H2(U02)2Cit2)(H3Cit)(H'^)]2^^. 

The ion at m/z 1144.2 may be assigned as [(H2(U02)2Cit2)(HN03)2(NH4N03)(NH4^)]^. 

Na"^ and may substitute for in [(H2(U02)2Cit2)(H3Cit)2(H'^)]'^ to form the less 

abundant [(H2(U02)2Cit2)(H3Cit)2(Na'^)]^ and [(H2(U02)2Cit2)(H3Cit)2(K"^)]"^ ions at m/z 

1326.4 and 1342.4, respectively. Although the mass spectrum was scanned to m/z 2000, 
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no higher mass species were detected, indicating adduct formation stops at two citric acid 

molecules. 

The ion [(H2(U02)2Cit2)(H3Cit)2(H'^)]^(m/z 1304.5) can be cleanly selected and 

isolated and does not undergo association reactions in the ion trap. CID of m/z 1304.5 

results in the formation of ions at m/z 1130.1, 1144.3, and 1153.3 (Figure 4.3b). The ion 

at m/z 1153.3 can be assigned to [(H2(U02)2Cit2)(H20)(H3Cit)(Na^)]'^, as discussed 

above. The formation of this species would entail not only the loss of H3Cit and from 

[(H2(U02)2Cit2)(H3Cit)2(H'^)]'^, but the gain of Na"^ and H2O as well. The ion at m/z 

1130.1 can be proposed to result formally from a loss of Na^ and H2O from 

[(H2(U02)2Cit2)(H20)(H3Cit)(Na^)]'^, followed by an addition of NH4^. A cluster of ions 

from m/z 937.9 to 1002.0 belong to the various adducts of H2(U02)2Cit2 discussed in 

Chapter 3. The appearance of these ions is interesting, as they could only be a result of 

association reactions with Na^, NH4^, H2O and CH3CN upon the loss of a H3Cit moiety. 

The facile loss of H3Cit is one piece of evidence that these citric acid-containing 

clusters are formed during desolvation and that HsCit is not involved in the formation of 

a new complex. However, the ion [(H2(U02)2Cit2)(H20)(H3Cit)(Na^)]^at m/z 1153.3 is 

very stable. Collision-induced dissociation (CID) of this species results only in the 

formation of [(H2(U02)2Cit2)(H3Cit)(NH/)]'^ at m/z 1130.1 and the unidentified ion at 

m/z 1144.1 instead of the expected series of ions belonging to adducts of H2(U02)2Cit2 

(Figure 4.3c). It is not possible to conclusively state from these data whether this ion is 

due to a species such as {(U02)2Cit3}^~ in solution, or if the excess citric acid molecule is 

simply present as an adduct. Raman spectra of solutions in which there is an excess of 
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citrate do not indicate the existence of any species other than the three already discussed. 

Since the Vs(U02) mode is strongly dependent on uranyl coordination, the addition of an 

excess citrate molecule to the uranyl coordination sphere should result in a noticeable 

shift in Vs(U02) or the presence of an additional Vs(U02) band. Neither a shift in Vs(U02) 

nor a new Vs(U02) band were observed. 

Adducts of HsCit also appear when an excess of citric acid is present in solutions 

containing {(U02)3Cit3}^~ at pH 7.7 (Figure 4.4a, Table 4.2). Singly-charged ions at m/z 

1572.5 and 1764.3 can be assigned to [(H3(U02)3Cit3)(H3Cit)(H^)]"^ 

and[(H3(U02)3Cit3)(H3Cit)2(H'^)]^, respectively. A prominent peak at m/z 1153.3 for 

[(H2(U02)2(Cit)2(H20)(H3Cit)(Na^)]^ is also observed in this spectrum. The observation 

of a {(U02)2Cit2}^ complex from electrospray of a solution ostensively at pH 7.7 

suggests a decrease in the solution pH during the electrospray process. Such complexes 

were not observed from electrospray of solutions of similar pH under other solution 

conditions described above (e.g. see spectra in Figure 4.2). The solution used for the 

spectrum shown in Figure 4.4a contained excess citric acid; thus a greater amount of 

NH4OH is required for pH adjustment. The decrease in solution pH implied by the 

•J ^ ^ ^ 
observation of {(U02)2Cit2} complexes in this spectrum is most likely the result of loss 

of NH3 from these solutions during the electrospray process. 

CID of m/z 1764.3 results in the facile loss of HaCit moieties to form the ions 

[(H3(U02)3Cit3)(H3Cit)(H^)]^ and [(H3(U02)3Cit3)(H^)]^ at m/z 1572.5 and 1380.7, 
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respectively (Figure 4.4b). Here it appears that the citric acid moiety is only loosely 

associated with the H3(U02)3Cit3 species. The species appearing at m/z 1308.7 is a 

fragment ion of H3(U02)3Cit3 and is discussed further below. 

Reactions Occurring during CID of Uranyl-Citrate Complexes 

CID of metal-ligand complexes can aid in the determination of ion structure. 

However, in some instances, chemical reactions occurring during CID often involve the 

loss of small neutral species fi'om large ligands or the loss of intact ligands from metal 

ions ions and are not structurally informative.'* In addition, complex chemical reactions 

initiated during CID can also complicate structural characterization. In the case of certain 

metal-containing species, including those containing the uranyl ion, association reactions 

with adventitious H2O, NH3, CH3OH, and CH3CN in the ion trap may also occur.'"^ '* 

MS and MS/MS data of ions containing the major uranyl-citrate species are discussed 

here and illustrate some of the complexity involved with the mass spectrometry of 

uranyl-containing complexes. 

Fragmentation Patterns of Ions Containing H2(U02)2Cit2 

Figure 4.5a shows the spectrum resulting from a solution 0.5 mM in uranyl and 

0.5 mM in citrate at pH 4.0. This spectrum is also shown in Figure 3.7a and the species 

present were discussed in Chapter 3; the spectrum is shown again here for clarity. 

Assignments are given in Table 4.1. As previously discussed, the ion 
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[(H2(U02)2Cit2)(HN03)(H20)(Na^)]^ at m/z 1024.3 generally predominates when is 

the counter ion in solution. 

The fragmentation spectra of the ions at m/z 1024.3 and 1002.3 are shown in 

Figures 4.5b-c; assignments are given in Table 4.1. No adducts of higher m/z are formed 

when either ion is isolated and stored in the ion trap prior to activation, indicating that the 

parent ions are coordinately saturated and cannot accommodate additional ligands. Upon 

collisional activation, ions of m/z lower than the activated ion in the parent ion spectrum 

are re-formed. In Chapter 3, ions appearing at m/z 979.0, 961.4, 956.0 and 938.3 were 

assigned to [(H2(U02)2Cit2)(H20)2(Na^)]^ [(H2(U02)2Cit2)(H20)(Na^)]^ 

[(H2(U02)2Cit2)(H20)(NH4^)]^, and [(H2(U02)2Cit2)(NH/)]\ respectively. The ion at 

m/z 1002.3 can be assigned to [(H2(U02)2Cit2)(H20)(CH3CN)(Na^)]^. 

The presence of ions of the same m/z in the fragmentation spectrum as in the 

parent ion spectrum is unusual and may be the result of what are formally ligand 

exchange reactions that can occur with other gas-phase molecules present in the ion trap. 

Thus, collisional activation and dissociation of one species could result not only in 

fragmentation of the selected ion, but also in the formation of new ions as small 

molecules present in the trap react with H2(U02)2Cit2. The ion trap has a relatively high 

operating pressure of ~10^ torr, and it is known that common ESI solvents such as H2O 

and CH3OH can make up a significant fraction of the gas in the ion trap. NH3 is also a 

likely constituent of the background gas in the ion trap since the starting solutions are 

pH-adjusted with NH4OH. Previous work has demonstrated that these neutral molecules 

react with complexes containing platinum and silver ions, and uranyl-containing 
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species are also known to readily accept water, methanol, and acetone as ligands via gas-

phase association reactions."^ Thus, ions are formed by dissociation, association, 

and exchange reactions during CID, which adds to the complexity of MS" spectra. 

Upon collisional activation, [(H2(U02)2Cit2)(HN03)(H20)(Na^)]^(m/z 1024.4) 

can lose HNO3 to form [(H2(U02)2Cit2)(H20)(Na'^)]^(m/z 961.4), lose HNO3 and add 

CH3CN to form [(H2(U02)2Cit2)(CH3CN)(H20)(Na+)]^ (m/z 1002.3), and lose HNO3 and 

gain H2O to form [(H2(U02)2Cit2)(H20)2(Na'^)]^ (m/z 979.0). The presence of 

[(H2(U02)2Cit2)(H20)(NH/)]^(m/z 956.0) could in theory result from loss of HNO3 and 

Na^ from [(H2(U02)2Cit2)(HN03)(H20)(Na'^)]'^ to form a neutral species, followed by 

addition of NH4'^. The presence of [(H2(U02)2Cit2)(NH4'^)]^ (m/z 938.3) could be 

explained by a similar mechanism, involving first loss of HNO3, H2O and Na^, followed 

by addition of NH4^. However, as NH4^ is a charged species, its presence in the trap after 

selection of the m/z 1024.4 ion is somewhat unexpected. NH3 may form during 

electrospray of NH4'^-containing solutions, and perhaps NH3 may abstract a proton from 

H2O to form NH4^ in the ion trap. 

The fragmentation spectrum resulting from collisional activation of 

[(H2(U02)2Cit2)(CH3CN)(H20)(Na'^)]'^ (m/z 1002.3) is equally puzzling (Figure 4.5c). 

Loss of CH3CN, followed by addition of H2O can explain the presence of 

[(H2(U02)2Cit2)(H20)2(Na+)]+ (m/z 979.0), and loss of CH3CN leads to 

[(H2(U02)2Cit2)(H20)(Na^)]'^(m/z 961.4). Again, the formation of 

[(H2(U02)2Cit2)(H20)(NH4^)]^ (m/z 956.0) can be explained by a loss of CH3CN and Na^ 

from [(H2(U02)2Cit2)(CH3CN)(H20)(Na^)]^, followed by addition of NH4^. 
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These reactions can also be explained if it is assumed that H2(U02)2Cit2, which 

should be a neutral species, is in fact charged. The mechanism by which this could occur 

is very difficult to rationalize, as uranium in these complexes is already in the U(VI) 

oxidation state and cannot be further oxidized. However, if H2(U02)2Cit2 were a charged 

ion, m/z 1024.4 could be assigned as [(H2(U02)2Cit2)(HN03)(CH3CN)]^, m/z 1002.0 as 

[(H2(U02)2Cit2)(CH3CN)2]^, m/z 979.0 as [(H2(U02)2Cit2)(H20)( CHsCN)]^, m/z 961.4 

as [(H2(U02)2Cit2)(CH3CN)]^. Then m/z 956.0 could be explained as 

[(H2(U02)2Cit2)(H20)2]^, and m/z 938.3 as [(H2(U02)2Cit2)(H20)]^ In this case, all the 

ions in the CID spectra in Figures 4.5a, b and c can a result of simple ligand exchange 

reactions involving neutral solvent molecules. Without further experimental evidence to 

show that H2(U02)2Cit2 can lose an electron during electrospray and become positively 

charged; however, the above mechanism must remain purely conjectural, as 

[H2(U02)2Cit2]^, which would appear at m/z 920 in the mass spectrum, is not detected. 

Careful experiments are necessary to further elucidate these reactions. The high 

operating pressure of the ion trap make the use of this instrument for the study of these 

very reactive uranyl species somewhat undesirable. Electrospray ionization combined 

with a triple quadrupole mass spectrometer could be used to eliminate gas-phase 

reactions with solvent molecules to gain a better understanding of the pure fragmentation 

chemistry of the H2(U02)2Cit2-containing ions. The use of an FTICR instrument would 

be ideal way to isolate the ions of interest and study their association, dissociation and 

exchange reactions with a variety of solvent molecules. 
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Fragmentation Patterns of Ions Containing H3(U02)3Cit3 

Figure 4.6a shows the spectrum resulting from a 0.5 mM solution of uranyl and 

citrate at pH 7.8. The spectrum was discussed in Chapter 3 and is similar to the one 

shown in Figure 3.7e. MS and MS/MS spectra are shown in Figures 4.6b and c; ion 

assignments are given in Table 4.3. The fragmentation pattern of ions containing the 

trimeric uranyl-citrate species, H3(U02)3Cit3 is far less complex than those of ions 

containing H2(U02)2Cit2, although it still does not yield much structural information. In 

Chapter 3, the major ion occurring at m/z 1398.8 was assigned to 

[(H3(U02)3Cit3)(H20)(H'^)]^. Application of collision energy results in the appearance of 

ions of m/z 1380.8, 1308.7, 1294.7, 1290.7, 1264.8, and 1218.8 (Figure 4.6b). The ion of 

m/z 1380.7 is clearly the result of loss of H2O from the parent ion. The ion of m/z 1308.8 

occurs at 90 amu less than 1398.8 and is proposed to be the result of decarboxylation 

reactions involving a loss of HCOOH and CO2. The ion of m/z 1218.8 also appears to be 

the result of decarboxylation reactions, with losses of two HCOOH and two CO2 

molecules from the [(H3(U02)3Cit3)(H20)(H^)]^ parent. The ion of m/z 1294.7 may 

formally correspond to a loss of CH2COOH and HCOOH from the parent. CID of m/z 

1308.8 results in the loss of H2O (m/z 1290.8), CO2 (m/z 1264.8), CO2 and HCOOH (m/z 

1218.7), and possibly CH2COOH and HCOOH (m/z 1204.8). Assignments for m/z 

1294.7 and 1204.8 must remain tentative, as the calculated m/z values are higher than the 

observed m/z values, going against the trend for the other ions. It appears that at least 

four of the nine carboxylate groups can be lost without complete dissociation of the ion, 

which would be indicated by the presence of smaller ions containing the uranyl moiety. 
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Figure 4.6 Positive ion mass spectra of a solution 0.5 mM in UOi^^ and 0.5 mM in 
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Table 4.3 Fragmentation products of [(H3(U02)3Cit3)(H20)(H'^)]^. 

Parent ion Loss 
Calc. Obs. 
m/z m/z 

[(H3(U02)3(C6H507'")3(H20)(H")]" 
-H20 

- [HCOOH + CO2] 
- [CH2COOH + HCOOH] 

[HCOOH + CO2 + H2O] 
-[HCOOH + 2CO2] 

-[2HCOOH + 2CO2] 
-[CH2COOH + 2HCOOH+ CO2] 

1399.2 1398.8 
1381.2 1380.8 
1309.2 1308.7 
1294.2 1294.7" 
1291.2 1290.7 
1265.2 1264.8 
1219.2 1218.8 
1204.2 1204.8" 

^Tentative assignments 
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This is added evidence for the participation of the citrate hydroxyl groups in bonding to 

Obviously, the loss of carboxylate groups means that H3(U02)3Cit3 is undergoing 

a number of electron transfer and rearrangement reactions during fragmentation, although 

the charge state of the product ion is maintained. Unfortunately, without more structural 

information about the starting H3(U02)3Cit3 species, the data described here are not 

sufficient to develop a mechanism for these reactions. 

Fragmentation Patterns of Ions Containing (U02)3Cit2 

Figures 4.7a-d and 4.8a-d are of MS and MS" spectra of ions resulting from 

solutions 0.6 mM in uranyl and 0.4 mM in citrate at pH 7.8. Ion assignments are given in 

Table 4.4. The spectra in Figure 4.7a and 4.8a were shown in Figures 3.7c and d and were 

discussed in Chapter 3; they illustrate the effect of solution counterion on ions appearing 

in the gas phase. The solutions used to generate the spectra in Figure 4.7a-d contained 

N03~, while those used to generate the spectra in Figures 4.8a-d contained CI". 

As discussed in Chapter 3, the major ions in Figure 4.7a are 

[((U02)3Cit2)(HN03)(H20)2(Na'^)]^ at m/z 1310.1 and [(H3(U02)3Cit3)(H20)(H'^)]'^ at m/z 

1398.8. The ion at m/z 1310.1 can also be assigned as 

[((U02)3Cit2)(HN03)(CH3CN)(NH/)]'^; the mass accuracy of the ion trap instrument is 

not sufficient to distinguish between the two possible assignments, although the two 

species could exist simultaneously. The singly-charged ion at m/z 1266.8 can be 

tentatively assigned as [((U02)3Cit2)(CH3C00H)(H20)(H^)]^; acetate is a known 

contaminant in the mass spectrometer used for these studies. When the ion at m/z 1310.1 
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following isolation and storage of m/z 1242.8. 
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Table 4.4 Adducts and reaction products of (U02)3(Cit)2. (Ions shown in Figures 
4.7a, b and d). 

Ion 
Calc. Obs. 
m/z m/z 

[(H3(U02)3(Cit)3)(H20)(H^)]" 
[((U02)3(Cit)2)(HN03)2(NH3)(NH/)] 
[((U02)3(Cit)2)(HN03)(H20)2(Na^)]^ 
[((U02)3(Cit)2)(HN03)(CH3CN) (NH/)]^ 
[((U02)3(Cit)2)(HN03)(H20)(NH3)(Na^)]^ 
[((U02)3(Cit)2)(CH3C00H)(H20)2(Na^)]^ 
[((U02)3(Cit)2)(CH3C00H)(H20)(H^)]^ 

1399.2 1398.9 
1349.2 1348.5 
1310.1 1310.1 
1310.2 1310.1 
1309.1 1308.7 
1307.1 1306.7 
1267.1 1266.8 
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is isolated prior to activation, it appears to fragment, and/or undergo an addition reaction 

leading to an ion at m/z 1308.7 (Figure 4.7b). Ions at m/z 1310.6 and -1348.5 also 

appear. The intensity of m/z 1348.5 is weak, the spectrum is extremely noisy, and the m/z 

of the ion carmot be accurately determined. 

During the isolation step, energy is applied at specific frequencies to eject ions of 

m/z values other than that of the selected parent ion. However, some energy is also 

imparted to the parent ion during this process, and if the parent ion is fragile, collisions 

with the buffer gas can cause fragmentation to occur.'^^'' The excited parent ion may also 

undergo ligand exchange reactions with small neutral molecules in the ion trap. Solvent 

molecules such as CH3OH, CH3CN, and H2O may comprise a significant fraction of the 

buffer gas, and other small neutral molecules, such as NH3 may be present as well. Here, 

because NH4OH was used in these experiments to adjust solution pH, NH3 could arise 

from deprotonation of solution NH4^ during electrospray or during CID of NH4^-

containing ions."'^' The ion at m/z 1308.7 is assigned to 

[((U02)3Cit2)(HN03)(H20)(NH3)(Na^)]^. That at m/z 1310.6 is assigned to 

[((U02)3Cit2)(HN03)(H20)2(Na'^)]^, while the ion at m/z 1348.5 is assigned to 

[((U02)3(Cit)2)(HN03)2(NH3)(NH4^)]. 

The inability to cleanly select m/z 1310.1 for fragmentation makes the MS/MS 

spectrum in Figure 4.7c difficult to interpret. Upon application of collision energy to the 

selected ions, ions possibly corresponding to losses of NH3 (-17), CO2 (-44), CO2 and 

H2O (-62), and HCOOH and CO2 (-90) from m/z 1308.7 occur (Table 4.5). The first 

four ions could also correspond to losses of H2O, NO2 and HNO3 from m/z 1310.1 (Table 
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Table 4.5 Fragmentation products resulting from application of collision energy to 
ions appearing after selection of [((U02)3(Cit)2)(HN03)(H20)2(Na'^)]^. 
(Ions shown in Figure 4.7b). 

Parent ion Loss 
Calc. Obs. 
m/z m/z 

[((U02)3Cit2)(HN03)(H20)(NH3)(Na^)]^ 1309.1 1308.7 
-NH3 1292.1 1292.2 
-CO2 1265.1 1264.6 

- [H2O + CO2] 1247.1 1246.8 
-[HCOOH + CO2] 1219.1 1218.6 

[((U02)3Cit2)(HN03)(H20)2(Na^)]^ 1310.1 1310.1 
-H2O 1292.1 1292.2 
-NO2 1264.1 1264.6 

-HNOa 1247.1 1246.8 



187 

4.1). Unfortunately, the low signal-to-noise ratio of the spectrum in Figure 4.7c made 

further ion selection and fragmentation impossible. Isolation and storage of m/z 1266.8 in 

the ion trap resulted in formal addition of NaOH, forming the ion 

[((U02)3Cit2)(CH3C00H)(H20)(H^)(Na0H)]^ at m/z 1306.7 (Figure 4.7d, Table 4.4). 

When Cr is present in solution instead of NOs", an ion analogous to 

[((U02)3Cit2)(HN03)(H20)2(Na^)]^ is formed (Figure 4.8a, Table 4.6). This ion appears 

at m/z 1283.0 and corresponds to [((U02)3Cit2)(rf^Cl)(H20)2(Na^)]^. An ion at 1285.0 

corresponds to [((U02)3Cit2)(H^^Cl)(H20)2(Na^)]^. As discussed above, 

[(H3(U02)3Cit3)(H20)(H'^)]'^ appears at m/z 1398.8. An ion of m/z 1242.8 is assigned to a 

loss of Na"^ and H2O in [((U02)3Cit2)(HCl)(H20)2(Na'^)]'^ with addition of (or formal 

loss of NaOH)to give [((U02)3Cit2)(HCl)(H20)(H^)]^. The ion of m/z 1260.1 corresponds 

to [((U02)3Cit2)(HCl)(H20)(NH/)]'^, resulting from loss of H2O and Na^ by the ion at 

m/z 1283.0 followed by addition of NH/. 

When [((U02)3Cit2)(HCl)(H20)2(Na^)]^ (m/z 1283.1) is isolated and stored in the 

ion trap prior to activation, an association reaction involving replacement of H2O with 

CH3CN followed by addition of NH3 occurs, resulting in 

[((U02)3Cit2)(HCl)(H20)(CH3CN)(NH3)(Na^)]^ at m/z 1323.2 (Figure 4.8b, Table 4.6). 

In contrast to the behavior in the presence of N03~, with CF, the proposed reaction 

involving replacement of H2O with NH3 is not observed, although an ion at m/z 1282.7 

appears as a shoulder to 1283.0. 
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Table 4.6 Fragmentation products resulting from application of collision energy to 
ions appearing after selection of [((U02)3(Cit)2)(HCl)(H20)2(Na^)]^. 

ion 
Calc. Obs. 
m/z m/z 

[((U02)3(Cit)3)(H20)(H")]" 

[((U02)3Cit2)(HCl)(H20)(CH3CN)(NH3)(Na+)]^ 
[((U02)3(C6H507)2(HC1)(CH3CN)(NH/)]^ 

[((U02)3(Cit)2)(HCl)(H20)2(Na^)]^ 
[((U02)3Cit2)(HCl)(H20)(NH4^)]^ 
[((U02)3Cit2)(HCl)(H20)(H")]" 

1399.2 1398.8 
1323.1 1323.2 
1283.2 1283.0 
1283.1 1283.0 
1260.1 1260.1 
1243.1 1242.8 
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Application of collision energy to [((U02)3Cit2)(HCl)(H20)2(Na'^)]^ (m/z 1283.0) 

and [((U02)3Cit2)(HCl)(H20)(CH3CN)(NH3)(Na^)]^ (m/z 1323.2) results in the 

reappearance of ions at m/z 1242.8 and m/z 1259.9 (Figure 4.8c), which were also 

present in the original spectrum (Figure 4.8a). Selection and isolation of the ion at m/z 

1242.8 leads to the reappearance of ions at m/z 1259.9 and 1283.0. The former ion 

corresponds to additions of 17 (NH3), while the latter may correspond to substitution of 

H2O by CH3CN and addition of NH3, giving [((U02)3(C6H507)2(HC1)(CH3CN)(NH/)]^ 

(m/z 1283.2) (Figure 4.8d). Assignments for these ions are given in Table 4.6. 

Conclusions 

This chapter further considers the use of ESI-MS to examine U(VI) speciation, 

U(VI)-ligand stoichiometry and structure, and gas-phase chemistry. Uranyl-citrate 

complexes undergo a number of reactions that can complicate spectral interpretation, 

including H^/X^ exchange reactions where = Na^ or K^, and the formation of adducts 

with common solution anions in the form of HNO3 and HCl, as well as with excess citric 

2"^ acid in solution. Structural differences among the three UO2 -citrate complexes result in 

different gas-phase behavior. H3(U02)3Cit3 is coordinatively saturated, while (U02)3Cit2 

and H2(U02)2Cit2 are not. The latter two species form cluster ions with HNO3, HCl, and 

neutral solvent molecules such as H2O and CH3CN. Isolation and application of collision 

energy to H3(U02)3Cit3-containing ions results in fragmentation. However, (U02)3Cit2 

and H2(U02)2Cit2 undergo exchange or rearrangement reactions under similar conditions. 

Developing a thorough understanding of the gas-phase chemistry of these complexes 
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requires a mass analyzer that operates at much lower pressures and that has higher mass 

resolution and accuracy then the LCQ ion trap used here. Use of a triple quadrupole mass 

spectrometer or an FTICR instrument with electrospray ionization may serve to elucidate 

some of the chemical interactions that make data interpretation in the LCQ Classic ion 

trap instrument difficult. 
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CHAPTER 5 

SPECTROSCOPIC INVESTIGATION OF URANYL(VI) AND CITRATE 

COADSORPTION TO AI2O3 

Introduction 

Contamination of soils and groundwater by radioactive wastes containing 

uranium and other actinides is a significant problem at many DOE facilities around the 

United States.^' These contaminants are often associated with co-disposed organic 

chelating agents used in the processing of nuclear fuel, as well as with other naturally-

occurring organic ligands. The speciation behavior of the actinide elements in the 

presence of organic chelators and complexones is extremely complex and little 

understood, making accurate prediction of contaminant mobility and development of 

remediation strategies difficult. 

Citric acid, a naturally-occurring a-hydroxy carboxylic acid, is commonly found 

in soils. It is a strong complexant of the uranyl ion (U02^^) and its use as a 

decontamination agent at nuclear fuel reprocessing facilities means that it is often found 

as a component of radioactive waste mixtures. Due to its biodegradability and efficiency 

as a complexing agent, citric acid is currently being investigated for the remediation of 

uranium-contaminated soils.^^"^ The effect of citric acid on uranyl adsorption to oxide 

minerals has been shown to be both pH and concentration dependent,^ ̂  and ternary 
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uranyl-citrate complexes have been found to form on goethite.^^ Clarifying these 

2"i" interactions between the UO2 ion, citrate and mineral surfaces on a molecular level is 

important for the development of mechanistic models describing adsorption phenomena 

affecting transport of uranium in soils. Towards this end, attenuated total reflectance 

(ATR) FTIR spectroscopy is used to elucidate the mechanism of the adsorption of 

on a model aluminum oxide surface in the presence of citrate. 

Previous work has demonstrated the sensitivity of the Raman-active symmetric 

0=U=0 stretching mode (Vs(U02)) and the IR-active asymmetric stretching mode 

• 9-1- • • 
(Vas(U02)) to changes in the UO2 coordination environment; thus, vibrational 

spectroscopy is often used to study uranyl complexation with various inorganic and 

organic ligands in aqueous solution.^^"^^'^ Complexation of U02^^ weakens the 0=U=0 

bonds, increasing bond lengths and causing shifts to lower frequency of these modes. 

The extent of the shift is related to the stability of the complexing ligand. The sensitivity 

of the Vs(U02) and the Vas(U02) modes to coordination environment allows their use as 

probes to obtain molecularly-specific information on the surface coordination chemistry 

of adsorbed U02^^. 

Surprisingly, to our knowledge only three reports in which vibrational 

spectroscopy is used to directly probe the coordination environment of adsorbed U02^^ 

species have been published to date. All of these reports examine the adsorption of uranyl 

carbonate complexes to various oxide surfaces. Maya^ used Raman spectroscopy to 

investigate adsorption of uranyl carbonato complexes to zirconia, titania, and silica gel. 

The author noted Vs(U02) at 780 cm ' for uranyl species adsorbed to titania from 
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solutions containing 1102(003)3'*" (Vs(U02) at 808 cm"' in this study) and (U02)3(C03)6^ 

(Vs(U02) at 836 cm '). The low frequency of Vs(U02) for adsorbed uranyl indicates strong 

bonding in the equatorial plane, and the surface hydroxyl groups were proposed to 

displace the carbonate groups in a ligand displacement reaction.^ Ho and Miller,^ 

comparing the FTIR spectrum of hematite reacted with a uranyl nitrate solution at pH 4.5 

with the spectrum of hematite reacted with a uranyl-carbonate-containing solution at an 

unspecified pH, noted slight differences in Vas(U02) (910 cm"' and 903 cm"', 

respectively) between the two modes of adsorption. They concluded based on the infrared 

and electrophoretic mobility studies that (U02)2C03(0H)3 is the active species involved 

in the adsorption. Vas(U02) for U02(C03)3''" occurs at 892 cm"' and that for 

(U02)3(C03)6^" occurs at 921 cm"'; Vas(U02) for (U02)2C03(0H)3" has not been 

determined. However, as no information on pH or uranyl concentration is provided, the 

C 1 1 

data are not useful. Wazne et al. correlated the shift in Vas(U02) from 902 cm for 

uranyl adsorbed to ferrihydrite in the absence of carbonate to 881 cm"' for uranyl 

adsorbed in the presence of a 1 mM carbonate solution to the effect of carbonate ligands 

attached to the adsorbed UO2 ion . These reports illustrate the utility of the Vs(U02) and 

Vas(U02) modes in the study of ligand effects on adsorption of the uranyl ion. 

Adsorption Studies using ATR-FTIR Spectroscopy 

ATR-FTIR spectroscopy is frequently applied to the study of reactions occurring 

at the mineral-water interface. In ATR-FTIR, infrared spectra are acquired from the 

absorption of an evanescent wave which penetrates the sample from an internal reflection 
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element (IRE). The IRE must be made of an inert material, have a wide spectral window 

and have an index of refraction higher than that of the sample. Common IRE materials 

are Ge and ZnSe, with refractive indices of 4.0 and 2.43, respectively. The most common 

solvent in environmental work is water, with a refractive index of 1.33. For adsorption 

studies, the IRE may be coated with a film of high-surface-area oxide nanoparticles or a 

sol-gel film. Although oxide particle suspensions have also been used in some cases,^ 

changes in particle and IRE surface charge with pH and adsorbate surface coverage affect 

particle dispersivity and particle concentration in proximity to the IRE.^ In addition, 

surface adsorbate concentrations in the suspension are low relative to the concentration of 

H2O, so small changes in particle concentration and dispersivity can greatly affect the 

ability to remove the strong H2O absorption bands.^ Immobilizing the particles on the 

surface of the IRE provides a stable, high surface area substrate for adsorption studies,^ 

and this is the method used here. Because these oxide particle films contain water-filled 

pores, the effective refractive indices of the films are reduced relative to that of the oxide, 

allowing the ATR method to be used even with oxides of relatively high refractive index. 

The AI2O3 Film 

Hydrous aluminosilicate clays and crystalline and amorphous aluminum-oxide 

and hydroxide phases present as coatings on soil grains are important adsorptive surfaces 

in soils. Aluminol groups form the active sites on these minerals. The surfaces of y-Al203 

5 21 5 22 and a-AbOa are hydroxylated in water, ' and are often used as models to evaluate 

the role that aluminol surface sites play in adsorption processes. Thus, a commercially-
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available y-Al203-containing powder was used for the studies described in this chapter. 

Pure Y-AI2O3 powders containing particles <100 nm in diameter are not readily 

commercially available, so a product containing nanoparticles of the composition 20% a-

AI2O3 and 80% y-A^Os ranging in size from 20 - 50 rmi was used instead. 

Surface pK values for the surface hydroxyl groups on Y-AI2O3 have been 

• 5 23 determined and are defined by the reactions 

=A10H + — =A10H2^ pK = 7.51 ±0.09 

and 

=A10H + — =A10^ + pK = -8.87 ± 0.11 

_2 , 2 A specific capacitance of 1.40 F-m and a site density of 1.03 sites/nm have also been 

5 23 determined. 

The method of preparation of the Al203-coated IRE involves repeatedly coating 

the IRE with an aqueous slurry of AI2O3, followed by drying, as described in Chapter 2. 

It is known that when aluminum oxide powders are exposed to water they dissolve 

slightly, releasing A1 ions, which then precipitate as A1(0H)3 gels when the powders 

are dried.^^"^' Hydrogen bonding between OH groups on adjacent particles may then 

cause the formation of hard agglomerates. This process of agglomeration may be the 

reason for the stability of the oxide coating on the IRE. In practical terms for adsorption 

studies, particulate agglomeration will decrease the reactive surface area of the AI2O3 

particulates in the coating below the 100 m /g measured on the particulates in powder 



form. Maximum adsorption capacity of the oxide is then reduced and effective surface 

saturation may be reached at lower citrate solution concentrations when using this ATR 

technique than would be the case if the experiments were carried out on y-Al203 

particulates in an aqueous slurry. 

Previous research has indicated that y-AliOs is unstable in water and may 

undergo a phase transformation with the formation of y-Al(OH)3 (bayerite).^^^'^^^ This 

process appears to occur via an intermediate amorphous phase and results in a decrease in 

c 90 
reactive site density. To determine whether bayerite may have formed on the surface 

of the AI2O3 film during the deposition and equilibration steps, as-received and treated 

AI2O3 powders were examined using XPS and FTIR spectroscopy. DRIFTS spectra of as 

received AI2O3 powder, wet AI2O3 powder heated and dried as in the film deposition step, 

AI2O3 powder equilibrated with water and a bayerite standard are shown in Figures 5.1a-

d, respectively. Each inset in Figures 5.1a-c shows an expanded view of the Vs(OH) 

region from 3800 to 2800 cm '. Tabulated assignments are provided in Table 5.1. Many 

of the Vs(OH) modes of AI2O3 aluminol groups are buried beneath the broad Vs(OH) mode 

of adsorbed water. Weak Vs(OH) bands at 3685 and 3730 cm ' seen in Figures 5.1b and c 

5 26 (inset) have been incorrectly assigned to bayerite (P-A1(0H)3), but these bands do not 

appear in the spectrum of bayerite shown in Figure 5. Id or those of bayerite reported 

elsewhere.The band at 3730 cm"' has also been assigned to Vs(OH) for bridging 

OH groups on the surface of y-Al203,^^'' although Density Functional Theory (DFT) 

calculations indicate it may be attributable to terminal OH groups, with the band at 3685 
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Figure 5.1 DRIFTS spectra of y,a-Al203 powder a) as-received, b) exposed 
repeatedly to a sequence of steps involving wetting, heating and drying, c) 
powder equilibrated ~70 hrs with water, and d) bayerite. Insets: expanded 
view of Vs(OH) region. 



5.1 Infrared peak assignments for untreated and treated y,a-Al203 and 
bayerite. 

y,a-Al203 Bayerite® Assignments'' 
As received Heated and dried Equilibrated 

3730 
3685 

3730 
3685 

Vs(OH)b = 

Vs(OH)t'^ 

3501 3501 3509 

3656 
3620 
3548 
3525 

Vs(OH) 
Vs(OH) 
Vs(OH) 
Vs(OH) 

Vs(OH)" 

3335 
3471 Vs(OH) 

837 837 
822 

1022 
977 

5(0H) 
6(0H) 

762 762 760 
729 
698 

767 5(0H) 
5(OH) 
5(0H) 

® Assignments from Fredrickson^^^ 
Vs = symmetric stretch; 5 = deformation (bending) 
b: bridging OH group; t: terminal OH group. Assignments from Digne et al.^ 

'' From adsorbed H2O 
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1  5  3 1 *  *  
cm attributable to bridging OH groups. Obviously, assignments of Vs(OH) modes for 

the aluminas are still somewhat controversial. Despite this controversy, the DRIFTS data 

clearly shows evidence for increased hydroxylation of hydrated AI2O3 relative to the as-

received bulk powder, but no evidence for the presence of bayerite. 

Figures 5.2 a-b show XPS spectra of the O 2s valence band region of as-received 

AI2O3, AI2O3 after deposition on a plasma-cleaned gold slide using the procedure 

employed to prepare ATR-FTIR samples, and AI2O3 after deposition and equilibration 

with water for -70 hrs, which corresponds approximately to the length of time required to 

complete the adsorption experiments described later in this chapter. The data are 

tabulated in Table 5.2. A detailed discussion of the use of valence band XPS to 

• • • S 
distinguish between AI2O3 phases is given in reference. Peaks were deconvolved using 

a 50% mixed Gaussian-Lorentzian function. The AI2O3 used in the adsorption 

experiments is known to consist of 5-20% a-Al203 and 80-95% y-Al203. An attempt was 

made to fit the O 2s peak with two peaks with binding energies of 23.1 and 23.6 eV 

corresponding to a and the y-Al203, respectively. However, a better fit was obtained upon 

addition of a third peak at -24.7 eV for all three data sets. Peaks could not be fit using the 

5 32 FWHM values obtained from the literature, and narrower FWHM values were 

determined by trial and error. In choosing parameters for these fits, the assumption was 

made that y-AliOs would be converted to bayerite and that a-Al203 would not, although 

both phases may become hydroxylated upon hydration. It was also assumed that y-Al203 

would always remain the predominant phase (> 60% of the total), and that bayerite would 

always remain the minor phase. The DRIFTS data shown in Table 5.1 indicate that this 
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Figure 5.2 High resolution XPS spectra of y-,a-Al203, O 2s region, a) As received 
bulk powder, b) after deposition, no equilibration, c) after deposition and 
70 hrs equilibration with H2O. 
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Table 5.2 Spectral features of O 2s XPS core levels for untreated and treated y,a-
AI2O3. 

Y,a-Al203 
Assignment As received Heated and dried Equilibrated Assignment 

BE FWHM Area 
(eV) (eV) (%) 

BE FWHM Area 
(eV) (eV) (%) 

BE FWHM Area 
(eV) (eV) (%) 

23.2 3.0 15.9 
23.6 3.5 73.1 
24.7 3.9 11.0 

23.1 3.0 16.7 
23.7 3.5 70.6 
24.8 3.9 12.7 

23.2 3.0 17.6 
23.6 3.5 69.3 
24.6 3.9 13.1 

a-Al203 
y-Al203 
Hydroxylated 
AI2O3 

Literature values^ 
Phase BE FWHM 

(eV) (eV) 
(X—AI2O3 
Y-AI2O3 
p-Al(OH)3 (Bayerite) 
a-Al(OH)3 (Gibbsite) 
A1(0H)3 

(Nordstrandite) 
(3-AlOOH (Diaspore) 
y-AlOOH (Boehmite) 

23.10 3.52 
23.57 4.15 
24.70 4.53 
24.22 3.65 
24.16 4.15 

24.04 5.10 
24.09 5.16 

® Data from reference 
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assumption is valid. The peak area due to the a-AliOa phase was constrained to be greater 

than 5% but less than 20% of the total peak area. Peak binding energies were first 

constrained at literature values, and widths and heights allowed to fluctuate to determine 

the 'natural' FWHM value, then widths were constrained and peak positions and heights 

allowed to fluctuate. It was found that the peaks tended to converge to the values in Table 

5.2. 

The expected y and a-AliOa phases appear at 23.6 and 23.2 eV, respectively. A 

third small peak at 24.7 eV may be an A1(0H)3 phase (bayerite or some precursor to it), 

but also may be simply due to the presence of surface hydroxyl groups. A certain amount 

of surface hydroxylation is expected when AI2O3 phases are exposed to moisture, but no 

data have been reported on the effect of surface hydroxyl groups on the O 2s valence 

band spectrum. Surface hydroxylation is evident in DRIFTS data of hydrated and 

equilibrated AI2O3 samples (Figure 5.1b and c), but the IR data do not support the 

presence of bayerite. The hydroxylated 'phase' distinguished in the XPS spectrum may 

be present on the y-AlaOs surface even before deposition or equilibration, as it does not 

increase significantly even after ~70 hrs equilibration time in water. It is not 

distinguishable in the DRIFTS spectrum of the as-received AI2O3. The area of the O 2s 

peak corresponding to the hydroxylated phase is < 15% of the total peak envelope 

corresponding to the O 2s region. 

In summary, there is evidence for increased hydroxylation of the AI2O3 surface 

after the deposition and equilibration step, as might be expected. However, the IR data 

show that the amount of bayerite formed on the surface of y-A^Os after equilibration, if 
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any, is insignificant. This is important to the experiments described below, as the 

formation of second phase would result in a change in the chemical properties of the 

surface, such as reactive site density and surface pKa, that control adsorption. 

Adsorption Studies 

The nature of the surface complex formed between UO2 , citrate, and AI2O3 was 

examined at pH 4.0 and 7.5 to determine the effect of solution speciation on surface 

interactions. For purposes of comparison, separate experiments examining the adsorption 

2_j_ 
to Y-AI2O3 of citric acid and hydrolyzed UO2 species were also completed. These ATR-

FTIR experiments were carried out by passing an appropriately pH-adjusted solution over 

an AbOs-coated ZnSe internal reflection element. The coated internal reflection element 

was allowed to equilibrate with water or 0.01 M KCl solution of the appropriate pH for 

~3 - 5 hours before sample acquisition. This equilibration time was necessary to obtain a 

stable background spectrum. Starting analyte concentrations were kept low (-50-100 

|a,M) to avoid spectral interference from solution species. In order to have a basis for 

comparison, spectra of solution citrate and U02^^-citrate complexes were also acquired. 

A complete discussion of solution species is given separately. 

Adsorption ofU02^ Hydroxides 

In order to examine uranyl-A^Os surface interactions in the absence of citrate, 

experiments were carried out in which 100 |j,M solutions of U(VI) at pH 5.2 and at pH 6.3 

were allowed to react with the y-Al203 substrate. No adsorption occurred from 100 |.tM 
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solutions of UO2 at pH 4.4 (Figure 5.3a). ATR spectra of U(VI) species adsorbed from 

pH 5.2 and 6.3 solutions are shown in Figures 5.3b and c, respectively. An ATR spectrum 

of the precipitated colloidal material is shown in Figure 5.3d. Data are tabulated in Table 

5.3. 

In order to determine the distribution of species present in solution at these pH 

values, the pH-dependent distribution of uranyl hydroxide species in a 100 |a,M solution 

of U(VI) was first calculated with PHREEQC, using formation constants provided in 

Table 1.1. This calculated distribution is shown in Figure 5.4. 

The saturation index (SI) of schoepite (P-UO3 • 2H2O), was also calculated, and 

appears as the dashed line in Figure 5.4. The saturation index is defined as SI = 

logio(Q/Keq), where Q is the reaction quotient, and Kgq is the thermodynamic equilibrium 

constant. When the reaction is written with the mineral as a reactant (i.e. as a dissolution 

reaction), a negative value of SI indicates undersaturation and a positive value indicates 

oversaturation of the relevant mineral phase. An SI of 0 indicates equilibrium. Although 

the precise nature of the precipitate formed during hydrolysis in these solutions carmot be 

known, schoepite has a formation constant of 10 and is useful as a model for 

uranyl phases which may precipitate from solution. At pH 5.2 in a solution 100 |iM in 

U(VI), UOiOH^, (1102)2(011)2^^, and (U02)3(0H)5^ are the predominant species 

(Figure 5.4). Calculations indicate that the saturation index for schoepite is ~0; no visible 

solid uranyl phases were formed at this pH. A solution of pH 7.0 was prepared; a yellow 

colloidal precipitate formed in solution and the pH dropped to pH 6.3; the SI of schoepite 

is -1.0 at pH 7 and -0.5 at pH 6.3. As precipitation occurs, the solution concentration of 
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Table 5.3 IR peak frequencies and assignments for U(VI) species adsorbed to AI2O3 
and precipitated from solution. 

Frequency (cm ') 
Adsorbed uranyl Colloidal uranyl Assignments® 

species species 
pH5.2 pH 6.2 
1529 1529 Vas(C03) 
1349 1349 VasCNOs) 
917 924 Vas(U02) 

948 920 Vas(U02) 

Vas = asymmetric stretch; 5 = deformation. 
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U(VI) decreases.However, since the model used for these calculations did not remove 

U(VI) from solution to compensate for precipitation, the true species distribution will 

differ from the PHREEQC-calculated distribution presented in Figure 5.4. 

As can be seen in Figure 5.3a, no adsorption of U(VI) occurs at pH 4.4. The peaks 

at -1200 cm ' result from the presence of selenium oxide on the surface of the ZnSe IRE. 

At pH 5.2 adsorbed U(VI) species give rise to a Vas(U02) mode at 917 cm"', while the 

VsCNOs) mode at 1349 cm"' and the VasCCOs) mode at 1529 cm"' indicate the presence of 

small amounts of non-specifically adsorbed (i.e. physisorbed) NOs" and specifically 

2_ adsorbed (i.e. chemisorbed) CO3 , respectively (Figure 5.3b). At pH 6.3, Vas(U02) modes 

at 948 and 924 cm"' are visible (Figure 5.3c). The molar absorptivities of VsCNOs) and 

Vas(C03) are both quite large relative to the molar absorptivity of Vas(U02); therefore, the 

'y 
amounts of adsorbed NO3 and CO3 must be very low relative to the concentration of 

adsorbed U02^^ species, and by implication, the amount of U02^^ adsorbed in the form of 

U02^^-carbonate species must also be minimal. 

The appearance of Vas(U02) at 917 cm"' in Figure 5.3b suggests that the 

coordination environment is significantly different from that of the solution species 

U02^^and (U02)2(0H)2^^, in which Vas(U02) occurs at 961 and 943 cm"', respectively,^ 

and closer to that of the trinuclear species (U02)3(0H)5'^, with Vas(U02) at 923 cm"'.^ To 

the author's knowledge, Vas(U02) for U020H^ has not been determined, but as the 

species is less hydrolyzed, it should fall between that for U02^^ (960 cm"') and 

(U02)2(0H)2^^ (943 cm"'). Although no direct spectroscopic evidence exists for U020H^, 

15 13 Vs(U02) for this species has been calculated to be 848 cm" . 



209 

At pH 6.3, a colloidal, uranyl-bearing phase with Vas(U02) at 920 cm"' forms in 

solution. Figure 5.4d shows the ATR spectrum of a wet paste of this colloidal material. 

Synthetic schoepite exhibits a strong Vas(U02) mode at -958 cm"', and none of the other 

1 5 35 five uranium trioxide phases have Vas(U02) at 920 cm" . However, spectroscopic 

properties of colloidal, amorphous uranyl hydrates have not been studied, and much of 

the infrared data on uranyl trioxide phases is suspect, as mulling in nujol or compressing 

in a KBr disk can induce phase changes. 

When the aqueous suspension containing the colloidal material is allowed to 

equilibrate with the y-Al203 substrate, two distinct VasCUOa) modes appear at 948 and 924 

cm"' (Figure 5.3c). These modes are proposed to be the result of physisorbed 

(U02)2(0H)2^^ and (U02)3(0H)5^, respectively. The colloidal material with Vas(U02) at 

920 cm"' may also form a coating on the AI2O3 surface, contributing to Vas(U02) in 

Figure 5.3c. The solution species may be weakly associated with this material. 

On iron oxides such as goethite, adsorption of uranyl occurs via inner-sphere 

complex formation and is thought to involve two oxygens of the FeOe octahedron (Figure 

1.10.^^^ In an inner-sphere complex a covalent bond is formed with the surface, while 

outer-sphere complexes are adsorbed through electrostatic interactions. These two terms 

are used in geochemistry to describe chemisorption and physisorption, respectively. 

Uranyl may form complexes on AI2O3 similar to those formed on goethite. adsorption 

through outer-sphere interactions should not cause significant perturbation of the UO2 

coordination environment, and large shifts in Vas(U02) are not expected. Inner-sphere 

adsorption to an alumina surface is expected to cause a change in the UO2 coordination 
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environment with the Al-0~ surface site acting as a coordinating ligand. As for solution-

phase complexes, the extent of the shift in Vas(U02) in this case would be related to the 

strength of the UO2-O-AI bond or bonds. For the mononuclear species and 

UOiOH^, inner-sphere adsorption involving two oxygens of the AlOe octahedra would 

result in a fairly significant shift in VasCUOi) to lower wavenumber relative to VasCUOa) of 

2_|_ the solution complex. Figure 5.5 shows a schematic of how UO2 would adsorb to AI2O3 

via inner-sphere coordination in the manner described. One can visualize an adsorbed 

I • ^ I UO2OH complex simply by replacmg one H2O molecule in the UO2 coordination 

sphere by a hydroxyl ligand. Although no adsorption was observed at lower pH where the 

species would predominate, this schematic serves as a useful simple model for how such 

inner-sphere adsorption might occur. 

The effect of adsorption to AI2O3 on Vas(U02) of the di- and trinuclear species 

(U02)2(0H)2^^ and (U02)3(0H)5'^ is more difficult to predict, as the structures of these 

species are more complex (Figure 5.6a and b). Adsorption mechanisms are not known, 

•^-1 ^ 

but one possible adsorption complex for (U02)2(0H)2 on AI2O3 is shown in Figure 5.7. 

Adsorption will involve replacement of one or more H2O molecules in the coordination 

sphere of one or more of the uranyl groups with Al-0 'ligands', causing an overall shift 

to lower wavenumber of Vas(U02). However, whether the solution structures of these 

species are maintained upon adsorption is an open question, as it is possible that the 

solution complex may partially or completely dissociate upon adsorption. These 

questions are difficult to answer given available technology, and there have not been 
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Figure 5.7 Idealized view of adsorption of (U02)2(0H)2^^ to AI2O3. 
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systematic studies investigating adsorption mechanisms of the polynuclear uranyl 

species. 

Infrared spectroscopy does not provide sufficient information for defmative 

conclusions about the structures or types of surface complexes formed with these species 

on AI2O3. Time-resolved fluorescence spectroscopy might be useful to distinguish 

surface complexes based on their fluorescence lifetimes,and EXAFS could provide 

information on the types of bonds formed between uranyl and the AI2O3 surface as well 

5 36 as information on AI-O-UO2 bond lengths. These techniques should be combined with 

infrared measurements to obtain more information on these systems. Nontheless, the date 

obtained here are useful in that they provide baseline spectroscopic measurements for 

adsorbed uranyl in the absence of a complexing ligand; this simple study was intended 

for that purpose. 

Adsorption of Citrate 

Spectra of the monoanion (pH 4.0) and the trianion (pH 7.5) form of citric acid 

are shown in Figures 5.8a and b and peak frequencies are given in Table 5.4. The spectra 

of the adsorbed forms of citric acid are markedly different from those of the 

corresponding solution. Spectra of citrate solution species were discussed in Chapter 3 of 

this dissertation (Figure 3.6 and Table 3.1), as well as in Pasilis and Pemberton^ and 

Lackovic et al.,^ but are reproduced again here for ease of comparison. The spectra of 

citrate species adsorbed to AI2O3 are, perhaps unsurprisingly, almost identical in 

appearance to those of citrate adsorbed to goethite.^ Upon adsorption of citrate to the 



215 

<D 
O 

s 
-e o 
X) 

< 

a 
1572 1397 0.05 A.U. 

1567 
1401 

1294 1263 

1583 1220 

2000 1800 1600 1400 1200 1000 800 

Wavenumber, cm"^ 

Figure 5.8 ATR-FTIR spectra of adsorbed and solution citrate species, a) Citrate 
adsorbed to AI2O3 from a solution 100 |j,M in citrate, pH 4.0, b) citrate 
adsorbed to AI2O3 from a solution 100 i^M in citrate, pH 7.5, c) 100 mM 
citrate solution, pH 4.0 d) 100 mM citrate solution, pH 7.8. 



Table 5.4 IR peak frequencies and assignments for aqueous and adsorbed citrate and UO2 -citrate species. 

Frequency (cm ) 
Citrate species Uranyl-citrate s pecies" 

Solution Adsorbed Solution Adsorbed Assignment'' 
pH pH pH pH pH pH pH pH pH pH 
4.0 7.8 4.0 7.5 4.0 7.8 7.6 4.0' 7.5'' 7.5" 

HaCit" Cit^" {(U02)2Cit2}2- {(U02)3Cit3}'" (U02)3Cit2 
1721 1719 1730 1723 Vs(C=0) 
1583 1565 1572 1567 1579 1564 1566 1575 1572 1571 Vas(COO ) 

141Ish^ 
1455sh 

1438sh 1429sh 1420sh y(CH2) 
1397 1389 1397 1401 1393 1378 1394 1395 1395 Vs(COO ) 

1382 1374sh Vs(COO~) 
1296 

1220 v(OC-OH) + 
5(C-0-H) 

1278 1294 1278 5(0=C-0 ) 
1263 1236 1242 1246 1244 1244 5(0=C-0") 

1254 1207 1211 1214 1213 1212 8(0=C-0 ) 
1100 1085 1103 1104 v(C-OH) 

1067 v(C-OH) 
919(17.2) 891 (12.5) 888 (14.5) 915 (19.0) 913 (39.9) 912(37.7) Vas(U02)' 

^ sh = shoulder 
''v = stretch; Vs = symmetric stretch; Vas = asymmetric stretch; 8 = deformation, 

adsorbed from a solution containing 100 |xM and lOOfxM citrate at pH 4.0 
'' adsorbed from a solution containing 100 |^M and 100|xM citrate at pH 7.5 
® adsorbed from a solution containing 150 |a,M U02^^ and 100|xM citrate at pH 7.5 
^values in parentheses are FWHM values 17.2 cm"', 12.5, 14.5, 19.0, 39.9, 37.7 
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AI2O3 surface at pH 4.0, the Vs(C=0) mode at 1721 cm"' decreases dramatically in 

intensity, indicating complexation of surface-bound Al(III) by the carboxyl groups and/or 

deprotonation of the surface adsorbed citrate. In addition to the loss of the Vs(C=0) mode, 

the frequency of the Vas(COO ) band decreases slightly from 1583 cm"' for the 

monoanion in solution to 1572 cm"' for the adsorbed species, further indicating a 

weakening of the carboxyl C-0 bond, as occurs on goethite.^ The combination 

v(OC-OH) + 5(C-0-H) mode at 1220 cm"' disappears, revealing two very weak, poorly 

resolved modes at -1297 and 1267 cm"' that are assigned as 5(0=C-0') deformation 

modes. No major differences are observed between the spectrum of citrate adsorbed from 

solutions of the monoanion at pH 4.0 (Figure 5.8a) and that adsorbed from solutions of 

the trianion at pH 7.5 (Figure 5.8b). The spectra of adsorbed citrate at both pH values 

closely resemble that of the citrate trianion in solution (Figure 5.8d). 

Figures 5.9a and b show adsorption isotherms for citrate at pH 4.0 and 7.5. These 

isotherms were obtained by plotting the integrated Vs(COO~) absorbance for adsorbed 

citrate as a function of solution citrate concentration. Each point represents an average of 

three independent spectra; the error bars represent the standard deviation of these 

measurements. The solid line represents a Langmuir fit to the data. Surface saturation is 

reached at solution citrate concentrations of -50 - 100 |j,M. No discemable effects of pH 

are observed on the saturation citrate surface coverage. 

The adsorption of citrate to y-AlaOs can be described using the Langmuir 

isotherm model. In terms of infrared absorbance, the Langmuir isotherm for this is 

described by 
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__ ^ m a x ( 5  1 )  
" \ + K,ACit] 

where A is the concentration of adsorbed species, Amax is the maxium absorbance of the 

adsorbed species at surface saturation, Kads is the surface complexation constant in M~', 

and [Cit] is the citrate solution concentration in M. In this case, since integrated Vs(COO~) 

absorbance for adsorbed citrate is plotted as a function of solution citrate concentration, 

A is the integrated absorbance of the Vs(COO~) mode in a.u. cm"', and Amax refers to the 

maximum integrated absorbance in a.u. cm"'. The integrated absorbances are related to 

the surface concentrations through Beer's Law relationships: 

A  = £ r  (5.2) 

and 

4„ax = ^ r^ax (5.3) 

_'y 

where F and Fmax are the surface concentrations in moles cm and e is the molar 

absorptivity of Vs(COO") in moles ' cm '. Surface complexation constants and Amax 

values resulting from the Langmuir fit are given in Table 5.5. R values are also provided. 

It should be noted that the surface complexation constants reported in Table 5.5 are valid 

only under the conditions of pH and ionic strength used for this study. 
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Table 5.5 Kads and Fmax values from Langmuir fit for citrate adsorbed to y-AbOs. 

Citrate 
Parameter" pH 4.0 pH7.5 

Amax (a.u. cm"') 1.84 ±0.05 1.87 ±0.6 
Kads (M"') (3.6 ±0.6) X 10^ (5.58 ±0.09) X 10^ 

0.9480 0.9670 

^ Data from Langmuir fit to the entire isotherm 
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The Kads values determined for adsorption of citrate from solutions of the 

'I 

monoanion (HiCit ) and from solutions of the trianion (Cit ) to y-A^Oa differ by 

slightly less than one order of magnitude. Adsorption from solutions of HiCit" at pH 4.0 

proceeds more readily at the lower solution concentrations than does that of Cit^~ at pH 

7.5, and a higher surface coverage is reached, as can be seen in Figure 5.10. At 10 |jM 

solution concentration, surface coverages for both species begin to converge and a 

maximum integrated absorbance value of-1.8 a.u. cm ' is reached for both species 

(Table 5.5). These observations can be explained by the fact that the point of zero charge 

(pzc) of y-AlaOs occurs at pH 8.7.^ At pH 4.0, the overall surface charge is positive, 

facilitating the adsorption of the negatively charged citrate species. At pH 7.5, however, 

the surface charge is much less positive and citrate is not as strongly attracted to the 

surface. This effect may also account for the slight difference in Kads between the two 

species. 

To the best of the authors' knowledge, no surface complexation constants other 

than the ones determined here are available for citrate adsorption to y-A^Oa, although a 

Ks'"' value for adsorption to synthetic pseudoboehmite of 6.3 x lO'^ has been 

determined.^ The superscript and subscript indicate that this is an intrinsic i'urface 

complexation constant, or in other words, a surface complexation constant extrapolated to 

zero surface charge and independent of experimental conditions such as pH and ionic 

strength. The conditional surface complexation constant is related to the intrinsic surface 

complexation constant through 
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(5.4) 

where Kg*^""'' is the conditional surface complexation constant, Ks'"' is the intrinsic surface 

complexation constant, Az is the change in charge of the surface species in the reaction 

for which K is defined, F is the Faraday constant, \|/° is the surface potential, R is the gas 

constant, and T is temperature. The Kads values determined in this chapter are conditional 

constants. 

Adsorption of U02^ -Citrate Complexes 

Citrate has been proposed to adsorb to AI2O3 through binding of one or two 

carboxylate groups to surface A1 atoms in a monodentate configuration, along with 

binding of the hydroxyl group (Figure 5.1 la), or in a bridging bidentate structure (Figure 

5.1 lb).^ In solution, citrate forms a complex with Al(III) by binding two of the three 

carboxylate groups and the deprotonated hydroxyl group, forming either two six-

membered rings,^ or one five and one six-membered ring.^ ^ Unfortunately, it 

cannot be determined from FTIR spectroscopy alone if similar ring structures are formed 

on the surface of alumina. The presence of uncoordinated carboxyl groups of citrate on 

the oxide surface may increase surface reactivity towards uranyl species, accounting for 

increased adsorption of U02^^ to oxide minerals in the presence of citrate.The question 

of whether the citrate hydroxyl group is coordinated to the oxide surface or to co-

adsorbed is important, as this group is clearly responsible for stability of U02^^-



Figure 5.11 Citrate adsorbed to neighboring AlOe octahedra a) monodentate 
adsorption through hydroxyl and one carboxylate group, b) bidentate 
adsorption through carboxylate group. 
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citrate complexes in solution. Its coordination to surface Al(III) would be expected to 

2+ • • • 
decrease the strength of the UO2 -citrate mteraction on the surface. Results from an 

2"i" • • • EXAFS study in which the UO2 coordination environment on goethite was probed in 

the presence of co-adsorbed citrate suggest that the hydroxyl group does not play a role in 

U02^^-citrate coordination when citrate is coadsorbed, impying that this group is 

coordinated to the AI2O3 surface. 

In order to further examine the nature of surface complexes formed between 

citrate and alumina, a solution 100 [iM each in U02^^ and citrate was allowed to 

react with y-Al203. Figures 5.12a and b show the resulting spectra acquired at pH 4.0and 

pH 7.6, respectively. Figure 5.12c shows a spectrum acquired from a solution 150 |j.M in 

U02^^ and 100 |j,M in citrate. Solution spectra of the U02^^-citrate complexes are shown 

in Figures 5.12d, e and f for comparison. Shoulders on Vs(COO) at -1600 cm"' are due to 

incomplete removal of the H2O bending mode and are a feature of almost all ATR spectra 

acquired from aqueous solution. The spectral data are tabulated in Table 5.4. 

Results from Raman spectroscopy and electrospray ionization mass spectrometry 

discussed in Chapter 3 show that at these pH values and equimolar concentrations of 

^ -3_ ^ ^ 
uranyl and citrate, {(U02)2Cit2} and {(U02)3Cit3} are the major species in solution, 

although at pH 7.6, a certain amount of (U02)3Cit2 is also present.^ When uranyl is in 

excess over citrate at pH > 7, (U02)3Cit2 is be the major species in solution. Aside from 

the appearance of the Vas(U02) mode, the spectra of the adsorbed species from these 

solutions of U02^^-citrate complexes (Figures 5.12a-c) resemble each other and those of 

citrate adsorbed in the absence of uranyl (Figures 5.8a and b). 
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Figure 5.12 ATR-FTIR spectra of adsorbed and solution U02^^-citrate complexes, a) 
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Significant differences do, however, exist between spectra of the species adsorbed 

from uranyl-citrate solutions and the corresponding solution species. Upon adsorption of 

^ 2 1 
species from solutions of {(U02)2Cit2} , the Vs(C=0) mode at 1730 cm disappears due 

to deprotonation of the carboxyl groups (Figure 5.12a), possibly due to interaction of 

these groups with AI2O3. Vas(COO ) modes for this adsorbed species shift from 1579 to 

1575 cm^', closer to Vas(COO~) for species adsorbed from solutions of H2Cit~ at pH 4.0 

(Figure 5.8a). The Vs(COO) mode for this species also shifts -12 cm"' higher, again 

closer to the peak frequency for the species adsorbed from solutions of H2Cit~. The 

5(0=C-0~) deformation modes in the region between -1250 and 1200 cm"' that are so 

2+ 
prevalent in the spectra of the solution UO2 -citrate species (Figure 5.12 d-f. Table 5.4) 

decrease considerably in intensity, perhaps a result of complexation of citrate carboxylate 

groups to surface Al(III) with concurrent loss of uranyl. The only major difference 

between the spectrum of species adsorbed from solutions of {(U02)2Cit2}^ (Figure 

5.12a) and solutions of H2Cit" (Figure 5.8a) is the presence of the Vas(U02) mode at 915 

cm The change in Vas(U02) frequency upon adsorption from solutions of 

{(U02)2Cit2}^" at pH 4.0 is small but indicates an alteration in the uranyl coordination 

sphere such that the 0=U=0 bonds are weakened slightly. 

The Vas(COO") modes for adsorption from solutions containing both 

{(U02)3Cit3}^ and (U02)3Cit2 shift ~5 cm"' higher to 1572 and 1571 cm"', respectively, 

from their positions in solution (Figure 5.12a and b). The position of Vas(COO") for these 

adsorbed species is slightly higher than that for the species adsorbed from solutions of 

Cit^" at pH 7.5 (Figure 5.8b). Vs(COO) for pH 7.5 solutions in which the uranylxitrate 
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ratio is 3:2 also shifts closer to the peak frequency to that for species adsorbed from 

^ ^ -3 ^ ^ 
solutions containing Cit . (U02)3Cit2 should be the predominant species at this pH and 

uranyl;citrate ratio. As in the case for adsorption from solutions of {(U02)2Cit2}^ , the 

5(0=C-0~) modes for adsorption from solutions of {(U02)3Cit3}^~ and (U02)3Cit2 

decrease in intensity and shift slightly; their frequencies are closer to those of the U02^^-

citrate solution complexes than those of adsorbed citrate, however, indicating that at least 

some uranyl remains complexed through the citrate carboxylate groups. 

Although the change in the Vas(U02) frequency upon adsorption from solutions of 

{(U02)2Cit2}^~ at pH 4.0 is insignificant, remaining at 915 cm"', interaction from 

solutions containing {(U02)3Cit3}^ and (U02)3Cit2 induces a shift in the Vas(U02) band 

from -890 cm"' (Figures 5.12e and f) to -913 cm"' (Figures 5.12b and c). This shift of 

more than 20 cm~' to higher frequency indicates that adsorption causes a major 

perturbation of the UO2 coordination environment, resulting in strengthening of the 

U=0 bonds. This change is consistent with loss of the citrate hydroxyl group from the 

U02^^ coordination sphere. Collectively, these results suggest that U02^^-citrate 

complexes at least partially dissociate upon adsorption, and that citrate forms a stronger 

2+ 
complex with surface-bound Al(III) atoms than with UO2 in solution. 

The observation of the Vas(U02) mode at -915 cm"' in the presence and absence of 

2-|- , , citrate might be interpreted as adsorption of UO2 to AI2O3 as a hydrolyzed oligomeric 

species upon dissociation of the U02^-citrate complex. Alternately, this frequency could 

9-1- • be interpreted to indicate that the coordination of UO2 in both cases affects the U=0 

bond strength in the same way. The breadth of the Vas(U02) band in Figures 5.12a-c 
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relative those observed for solution species suggests that surface-associated is 

present in more than one coordination environment. Tricarballylic acid, which is 

structurally similar to citric acid but lacks the hydroxyl group, interacts only very weakly 

with and does not prevent hydrolysis of which occurs in a 1:1 solution of 

U02^^:tricarballylate at pH -3.5.^^' Thus, the formation of surface-associated hydrolyzed 

U02^^ species is likely once the citrate hydroxyl group is removed from the 

coordination sphere and becomes attached to the AI2O3 surface. 

From these data it appears that the adsorption of uranyl-citrate species to AI2O3 

may result in a variety of surface structures. The most important structural transformation 

of the complex appears to be association of the citrate hydroxyl group with the surface, 

partially freeing U02^^, which may then hydrolyze. However, the data also suggest that 

some, but not all, carboxyate groups are complexed to the surface, and the presence of 

6(0=C-0~) modes indicates that there is a certain amount of interaction between the 

citrate carboxylate groups and U02^^. As adsorption progresses, citrate surface coverage 

increases, blocking AI2O3 surface sites to further direct adsorption. However, interactions 

between solution UO2 -citrate complexes and adsorbed citrate can also play a role in 

adsorption, and may increase in importance as the oxide surface becomes increasingly 

saturated with adsorbed citrate. The effect of these interactions on adsorption can be 

evaluated using adsorption isotherms through comparison of Kads and Amax values with 

those of citrate adsorbed in the absence of UO2 . Experiments can also be designed to 

2"t" examine the effect of adsorbed citrate on the spectroscopy of adsorbed UO2 -citrate 
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complexes. Experiments to further investigate these interactions were conducted and are 

discussed more thoroughly in the following sections. 

Figures 5.13a-f show adsorption isotherms for citrate adsorption in the presence 

of U02^^ at pH 4.0 and 7.5. Figures 5.13a, c and e show the isotherm over its entire 

range, while Figures 5.13b, d and f show an expanded view of the lower concentration 

region. These isotherms were obtained as described previously for citrate. Here again, 

surface saturation is reached at solution citrate concentrations of ~50 - 100 |j.M, and no 

discemable effects of pH are observed on the saturation citrate surface coverage. Surface 

complexation constants and Amax values resulting from the Langmuir fit are given in 

Table 5.6. values are also provided. These surface complexation constants are valid 

only under the conditions of pH and ionic strength used for this study. 

For adsorption from solutions of UO2 -citrate complexes at pH 7.5, the 

experimental data shown in Figures 5.13c and e obey the Langmuir isotherm model, with 

> 0.98 in both cases. The Langmuir fit for the isotherm resulting from the adsorption 

of {(U02)2Cit2}^ at pH 4.0 (Figures 5.13a), however, is quite poor, having an R^ value of 

-0.76 (Table 5.6). The fit is slightly better for the low concentration region shown in 

Figure 5.13b (R^ ~ 0.88, Table 5.6), but the use of a "two-site" Langmuir model improves 

the fit dramatically (R^ ~ 0.98). The use of this model will be addressed below. 

The Kads values determined from the fits of the Langmuir isotherms for adsorption 

of citrate from solutions containing both citrate and UO2 are close in value to each other 

(Table 5.6), and differ only maginally from Kads for citrate adsorption at pH 4.0 and 7.5 

(Table 5.5). Thus, the initial participation of citrate in UO2 -citrate complexes does not 
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Table 5.6 Kads and Amax values for citrate adsorbed in the presence of U02^^ to y-
AI2O3 determined from a Langmuir fit to the experimental data. 

U02^^-citrate 
mn ..A/f TTr^ 100^MU02^^ 

100 |j.M Citrate 
pH4.0 

100pMU02^^ 
100 pM Citrate 

pH 7.5 

100 pM 
150 |j,M Citrate 

pH7.5 
Parameter 

2.7 ±0.2^ 
(1.5 ±0.5) X 10® 

0.7572 

3.24 ± 0.03 
(4.1 ±0.2) X 10^ 

0.9978 

3.07 ±0.06 
(8.6 ±0.9) X 10^ 

0.9836 

Amax (a.U. cm"') 
Kads (M"') 

2.3 ±0.1 " 
(2.6 ±0.7) X 10*^ 

0.8762 

— — 

Amax (a.U. cm"') 
Kads (M"') 

2.0 ±0.08' 
(3.6 ±0.6) X 10® 

1.4 ±0.2" 
(0.03 ±0.01) X 10® 

0.9847 

— 

— 

Amax(l) (a.U. cm"') 
Kads(l) (M ') 
Amax(2) (a.U. cm"') 
Kads(2) (M"') 
R^ 

''Data from a Langmuir fit of the entire isotherm (0.5 to 100 |jM) (experimentally-
determined value for Amax is 3.1 Abs cm ') 

^ Data from a Langmuir fit of the region from 0.5 to 20 p-M 
Data from a "two-site" Langmuir fit of the entire isotherm 
Fixed to that for adsorption of HaCit" at pH 4.0 (Table 5.5) 
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significantly affect the ability of citrate to bind to the AI2O3 surface. As was observed for 

9+ 
adsorption from solutions of citrate, adsorption from a solution of UO2 and citrate at pH 

4.0 is greater at the lowest solution concentrations than from the pH 7.5 solutions (Figure 

5.14). The presence of only a small Vs(C=0) mode at 1730 cm"' (Figure 5.12d) indicates 

that one of the unbound carboxylate groups in the {(U02^^)2Cit2}^ complex is protonated 

at pH 4.0, and the reason for the enhanced adsorption may again be explained by the 

overall positive surface charge of y-Al203 at this pH. 

Of the two pH 7.5 solutions, adsorption of citrate from a solution containing 150 

•J I 
|j,M of UO2 and 100 [xM of citrate is slightly greater at low concentrations. For these 

solution conditions the neutral (U02)3Cit2 complex is expected to be the major species, 

and again, surface charge may be a factor. 

Citrate surface coverages begin to converge at 10 |j,M for the two pH 7.5 

solutions, and a maximum integrated absorbance value (Amax) slightly greater than ~3 a.u. 

cm ' is reached for both solutions (Table 5.6). The Langmuir fit for the pH 4.0 solution is 

poor and from Figure 5.13a it is obvious that the calculated Amax value in Table 5.6 

derived from this fit is in error; The experimentally-determined Amax at 100 [J.M solution 

concentrations of U02^^ and citrate is 3.1 a.u. cm"'. 

The Langmuir adsorption isotherm is based on the assumption that there is only 

monolayer coverage on uniform surface sites, lateral interactions between adsorbed 

molecules on the surface are insignificant, and that all adsorption sites are energetically 

equivalent.^ While the chemical mechanism of an adsorption reaction cannot be 
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deduced solely from the goodness of fit of a particular data set to a Langmuir isotherm 

model,^ the poor quality of the fit to the Langmuir isotherm model in the case of citrate 

• • 9+ • • • 
adsorption from a pH 4.0 solution 100 |a,M in UO2 and citrate, indicates that at least one 

of these assumptions is invalid for the adsorption of {(U02^^)2Cit2}^ . As previously 

mentioned, adsorption is greater than for the high pH solutions at the lowest solution 

concentrations, and levels off more rapidly. None of the isotherms reach a constant Amax 

value, but keep increasing slowly with solution citrate concentration (Figures 5.13a, c and 

e). This effect is also visible to a lesser extent in the isotherms for citrate adsorption 

(Figure 5.9a and b). This indicates that surface interactions between the solution UOj^ -

citrate complexes and the adsorbed species are occurring, resulting in a surface coverage 

greater than monolayer. Adsorption can then be thought of as resulting from two types of 

interactions, those with the AI2O3 surface sites and those with the adsorbed species. The 

first type of interaction is more important at low surface coverage, but as the AI2O3 

surface sites are filled, the second type of interaction will predominate. Despite this, the 

Langmuir model describes the isotherm for adsorption of UO2 -citrate complexes from 

the pH 7.5 solutions well. In this case, the calculated Kads value describes both chemical 

2_|_ interactions with AI2O3 and with adsorbed UO2 -citrate species. However, in the case of 

adsorption from the pH 4.0 solution, a different model is needed. 

The Langmuir isotherm can be resolved into two components for this system: a 

component that results from direct adsorption of the uranyl adsorbate to AI2O3 and a 

component that results from adsorption of the uranyl adsorbate to already adsorbed 

species. This gives rise to the 'two-site' Langmuir isotherm model^ 



236 

" i + ̂ .,sO)[Q 1 + K,S(2)[Q 

where, as above, A can be related to F through A  = £ r  and ^ 

Thus, 

p _ ^max(l)-^0£/.v(l)[^] ^ ^nax(2)'^ot/s(2)[^] 

" l + iC.,,(,[C] 1 + ^„,,,,)[C] 

where F is the total concentration of adsorbed species, Fmax(i) and Fmax(2) are the surface 

concentration of citrate adsorbed to AI2O3 and to surface adsorbed UOi^^-citrate species, 

respectively, Kads(i)and Kads(2)are the surface complexation constants in M ' describing 

those interactions, and [C] is the adsorbate solution concentration in M. Again, A refers 

to the integrated absorbance of the Vs(COO ) mode in a.u. cm"', and Fmax refers to the 

maximum integrated absorbance in a.u. cm '. 

2 If it is assumed that adsorption of the {(U02)2(Cit)2} complex to AI2O3 occurs 

through the citrate ligand, and that Kads for the citrate ligand in {(U02)2(Cit)2}^~ is the 

same as for the adsorption of HiCit at pH 4.0 (Kads = (3.6 ± 0.6) x 10^), then the 

isotherm in Figure 5.13a can be modeled by fixing Kads(i) and requiring that 

^max(l) ^^ax(2) ~ ^exp (^•'^) 
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where Aexp is the experimentally determined Amax value of 3.1 Abs cm '. The 

experimental data can be modeled relatively well using this procedure (Figure 5.13a, 

Table 5.6). The flaw in this model is that it assumes that all adsorbing {(U02)2Cit2)}^~ 

dissociates completely, such that both citrate molecules are adsorbed to AI2O3. 

One study using EXAFS has shown that there is no evidence for a Fe near 

neighbor in the U02^^ coordination shell in a U02^^-citrate-goethite surface species, 

suggesting that citrate is complexed both to the goethite surface and U02^^; the U02^^ is, 

in turn, complexed to one or more additional citrate molecules that may or may not be 

interacting with goethite.Thus, it is likely that the U02^^-citrate complexes partly 

dissociate upon adsorption to AI2O3, with one adsorbed citrate molecule forming a link 

between the oxide surface and the remainder of the complex. An example of this is 

shown in Figure 5.15. 

Examination of Amax values for adsorption of citrate in the presence and the 

absence of U02^^ shows that the adsorption of citrate is increased by a factor of ~1.7, 

• 2"1" • regardless of pH, when it serves as a ligand in a UO2 -citrate complex (Figures 5.9a and 

b. Table 5.5; Figure 5.13a, c and e. Table 5.6). A similar enhancement of citrate 

adsorption in the presence of U02^^has previously been noted for gibbsite.^^ Since the 

total number of surface adsorption sites is constant, it is unlikely that excess citrate is 

adsorbing to AI2O3. The change in frequency of the Vas(U02) mode upon adsorption 

suggests that the U02^-citrate complexes at least partially dissociate, leading to partial 

hydrolysis of the U02^^ center. Similarly, an enhancement in citrate adsorption to AI2O3 



Figure 5.15 Possible surface structure resulting from dissociation of {(U02)2Cit2}^ 
upon adsorption to AI2O3. 
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2_|_ could be explained by partial dissociation of UO2 -citrate complexes upon adsorption, 

with one adsorbed citrate molecule forming a link between the oxide surface and the 

remainder of the complex. It is likely that the adsorption process can be described by a 

variety of complex mechanisms, all of which involve as a first step adsorption by one or 

more citrate molecules in the complex followed by partial or complete complex 

dissociation. Once adsorbed in this state, the uranyl moieties may then fully or partially 

hydrolyze to an extent dependent on their association with citrate. 

It would be useful to plot the integrated absorbance of the Vas(U02) band as a 

function of concentration in the same way as for citrate; however, the Vas(U02) mode is 

weak and appears in a region of the spectrum affected by the very strong AI2O3 lattice 

modes below 1000 cm \ Thus, its quantitative utility is limited. It has been shown in 

Chapter 3 that when citrate is present in equimolar or higher concentrations, U02^^ is 

almost entirely complexed at pH > 2.5. Thus, the citrate ligand is a suitable probe to 

examine the adsorption behavior of U02^^ -citrate complexes. 

Adsorption to Citrate-Saturated AI2OS 

To investigate the importance of interactions with adsorbed citrate, a y-Al203 

substrate was pre-equilibrated with 100 p-M citrate solutions at pH 4.0 and 7.5 to constant 

Vas(COO~) and Vs(COO ) integrated absorbances and background spectra acquired. These 

2_|_ surfaces were then exposed to solutions 100 |jM each in UO2 and citrate at pH 4.0 and 

7.6, respectively. Resulting spectra are shown in Figures 5.16a and b. 
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Figure 5.16 ATR-FTIR spectra of UO2 -citrate complexes adsorbed to citrate-
saturated AI2O3. a) Adsorbed to citrate-saturated AI2O3 from a solution 
100 jiM in U02^^, 100 |xM in citrate, pH 4.0, b) adsorbed to citrate-
saturated AI2O3 from a solution 100 |j,M in , 100 |jM in citrate, pH 
7.8. 
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At pH 4.0, the Vas(COO~) mode appears at 1579 cm~', unchanged from that of the 

2 1 
solution species {(U02)2Cit2} in Figure 5.12d, but 4 cm higher than that of the 

adsorbed form at pH 4.0 in the absence of pre-adsorbed citrate (Figure 5.12a). The 

Vs(COO~) mode, which appears at 1376 cm~^ with a shoulder at -1400 cm"', is shifted 

-18 cm"' lower than that of {(U02)2Cit2}^" adsorbed to AI2O3 (Figure 5.12a). It is more 

_ 2— similar in frequency to Vs(COO ) of the solution {(U02)2Cit2} complex (Figure 5.12d). 

This indicates at least two different citrate carboxylate environments in the surface 

2_ species, similar to the situation in the solution {(U02)2Cit2} complex. In addition, the 

5(0=C-0") modes in the adsorbed {(U02)2Cit2}^ species now appear at the slightly 

higher frequencies of 1240 and 1217 cm"' relative to those of the solution complex 

(Figure 5.12d) and are decreased in intensity relative to Vs(C=0). The weaker v(C-OH) 

mode at -1081 cm ' is still clearly visible, although shifted to slightly lower frequency 

relative to its position in solution {(U02)2Cit2}^" (Figure 5.12d). The Vas(U02) mode 

appears at 917 cm"', similar to its frequency in the absence of pre-adsorbed citrate at pH 

4.0 (Figure 5.10a) and that of solution {(U02)2Cit2}^" (Figure 5.12d). The presence of the 

— 2+ 6(0=C-0 ) and v(C-OH) modes in the spectra is evidence that much UO2 remains 

complexed to citrate through the carboxylate and the hydroxyl groups in the surface 

adsorbed species. 

At pH 7.8, where {(U03)3Cit3}^~ is predominant in solution, the Vas(COO ) mode 

appears at 1572 cm"', close to the frequency for {(U03)3Cit3}^ adsorbed to bare AI2O3 

(Figures 5.12b). The Vs(COO") mode now appears at 1376 cm"' with a shoulder at -1393 

cm"', and is similar to that seen for adsorbed {(U03)2Cit2}^~ in Figure 5.12a. In a solution 
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of equimolar concentrations of UO2 and citrate, the Vs(COO ) mode appears at 1393 

cm"' with a shoulder at 1374 cm"' (Figure S.lOe). The 5(0=C-0") and v(C-OH) modes 

are unchanged in frequency relative to those of the solution species, and as discussed 

2"l" above, their presence indicates that at least some UO2 is still coordinated by both 

carboxylate and hydroxyl groups. However, Vas(U02) has broadened and shifted to 912 

cm ' from its position in the solution complex, indicating that it exists in several 

different coordination environments. 

Changes in peak frequencies and intensities indicate some perturbation of the two 

complexes upon adsorption, probably resulting from partial dissociation of the complex, 

and total or partial hydrolysis of UO2 . The AI2O3 surface in these experiments was 

saturated with citrate such that no further adsorption of HaCit" (at pH 4.0) or Cit^" (at pH 

7.8) occurred from solutions 100 [iM in citrate, and it is to be expected that all available 

AI2O3 surface sites are blocked to further adsorption by citrate under these solution 

conditions. However, upon introduction of the U02^-citrate complexes adsorbed citrate 

may desorb  to  reach  equi l ibr ium wi th  the  so lu t ion .  Thus ,  some adsorpt ion  of  U02^-

citrate complexes to bare AI2O3 may occur. Additionally, despite their anionic nature, it is 

possible that {(U02)2Cit2}^" and {(U02)3Cit3}^" can still interact with adsorbed citrate. It 

is obvious from the position and broad nature of the Vas(U02) mode in Figure 5.12b that 

partial dissociation of these complexes can occur during these interactions. A schematic 

depicting these possible surface interactions is shown in Figure 5.17. 
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Figure 5 .17 Possible surface interactions resultion from the adsorption of 
{(U02)2Cit2}^~ to citrate saturated AI2O3. 
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Conclusions 

ATR-FTIR spectroscopy is a powerful surface-specific tool for elucidation of 

surface coordination chemistry of UO2 -ligand complexes. An analysis of the FTIR 

spectra of solution UOi^^-citrate complexes and adsorbed species has provided additional 

")+ 

molecular-level information on the interaction of UO2 -citrate complexes with the AI2O3 

9-i-

surface. The spectral data reported here indicate that UO2 -citrate complexes partially 

dissociate upon adsorption, allowing full or partial hydrolysis of some UO2 . Kads values 

determined for the adsorption of citrate indicate no major differences between free citrate 

9-t-
and citrate participating in bonding to UO2 , indicating the complexation of citrate by 

U02^^ does not significantly affect the ability of citrate to bond with the surface. The 

isotherm data also indicate enhanced citrate adsorption to AI2O3 in the presence of U02^'^, 

2+ 2+ 
suggesting that UO2 may be the central link between two citrate ligands, and that UO2 

is associated with the surface through a bridging citrate ligand, as previously proposed. 

Finally, U02^^-citrate complexes may interact with citrate adsorbed to AI2O3 through 

outer sphere interactions, adding yet another layer of complexity to the already rich 

chemistry of the U02^"^-citrate system. 

This study demonstrates how an in-depth infrared spectroscopic analysis of 

U02^^-ligand complexes both in solution and adsorbed to an oxide surface can be used to 

develop an understanding of the adsorption mechanisms of these complexes, and to the 

author's knowledge, is the first in-depth analysis of this type of system using vibrational 

spectroscopy. 
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CHAPTER 6 

EVALUATION OF ELECTROSPRAY IONIZATION MASS SPECTROMETRY AS A 

TOOL FOR SPECIATION OF URANYL-CONTAINING COMPLEXES 

Introduction 

The aqueous chemistry of uranium influences important technological, biological 

and geochemical processes involving this element, including its mobility and fate in the 

geologic subsurface, bioavailability, and carcinogenicity, the genesis of uranium mineral 

deposits and uranium mining, nuclear fuel reprocessing, and the migration of nuclear 

wastes. However, while great strides have been made in terms of understanding uranium 

speciation in aqueous systems as well as the thermodynamic properties of organic and 

inorganic uranium complexes, the complexity of uranium chemistry means that much 

confusion still exists regarding the existence of individual species under particular 

conditions of pH, temperature, ionic strength, and solution concentration of uranium and 

potential complexing ligands. One of the major difficulties is the paucity of methods that 

can be used to distinguish specific molecular species at low concentrations in solution, as 

opposed to the concentration of uranium metal ions or uranium isotopic abundances. 

Electrospray ionization mass spectrometry can provide molecular weight and structural 

information and has been used successfully for molecular characterization of metal 
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complexes with both inorganic and organic ligands in solution, including complexes 

containing the uranyl ion.^ 

This chapter further considers the gas-phase chemistry of As discussed in 

Chapter 4, undergoes a variety of unexpected reactions during the electrospray 

process and in the mass spectrometer. These reactions, including formation of adducts 

with alkali ions, and association reactions with inorganic and organic ligands and solvent 

molecules, along with charge reduction, greatly complicate spectral interpretation. 

The intent of the first series of experiments described in this chapter was to study 

• • • 2"i" * simple reactions occurring with the 'bare' cation UO2 , while the second series examines 

the feasibility of using ESI-MS to characterize uranyl-carbonate species in groundwater. 

All experiments described in this chapter were carried out using a ThermoFinnegan LCQ 

HPLC/MS instrument. 

The Uranyl Nitrate System 

The experiments described in this section were carried out on pH ~3.5 solutions 

that contained ~ 0.25 to 1 mM U02^^ and 0.5 to 2 mM NO3 . At this pH and 

2+ • 2"i" solution concentration, the hydrated UO2 ion {UO2 (H20)5} forms a weak ion pair 

with the nitrate anion, but none of the hydrolyzed species prevalent at higher pH are 

present. Initial expectations were, therefore, for this to be the simplest possible system for 

study. 
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Positive Ion Mass Spectra 

Figures 6.1a and b show positive ion mass spectra derived from uranyl nitrate 

solutions. Figure 6.1a shows a mass spectrum of a solution 1 mM in and 2 mM in 

NO3 in H2O, while Figure 6.1b is of a solution 0.25 mM in U02^^ and 0.5 mM in NO3 

in a 20% CH3CN/80% H2O solvent mixture. Ion assignments are tabulated in Table 6.1. 

Acetate, trifluoroacetate and methanol appearing in the ion assignments are contaminants 

originating from the capillary tubing, ESI source, and the ion trap of the mass 

spectrometer since the trap typically operates at pressures on the order of ~10~^ torr. The 

spectra shown in Figures 6.1a and 6.1b spectra were acquired almost exactly four months 

apart. All of the ions in the m/z range from 350 to 550 are singly charged, while doubly-

charged ions appear in the range from m/z 200 to 250. The spectra are markedly similar 

in that many of the same ions are present, although relative abundances vary between the 

two runs. A cursory examination of the spectra shows that many of the ions are separated 

by 18, 32 or 41 Da in the case of the singly charged species and 9 and 11.5 Da in the case 

of the doubly charged species. These differences in m/z are proposed to correspond to 

additions of H2O (18), CH3OH (32), CH3CN (41) and to replacement of CH3CN by H2O 

(23). 

Upon isolation of these ions prior to performing MS/MS, many react to form 

species of 18, 32 and 41 mass units higher than the isolated ion (Figures 6.2a-l). The 

species formed during these reactions are also present in the original spectrum shown in 

Figure 6.1a. Since these ions appear in the mass spectra of samples sprayed from 
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Figure 6.1 Positive ion mass spectra from electrospray of solutions containing U02^^ 
and nitrate, a) 1 mM U02^^, 2 mM NOs" in H2O, b) 0.25 mM U02^^, 0.5 
mM NO3" in 20% CH3CN/ 80% H2O. 
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Table 6.1 Positive ions generated from uranyl nitrate solutions during electrospray 
from 20% CH3CN/80% H2O. 

Species 

[(U02'^)(CH3CN)4]'^ 
[(U02'^)(CH3CN)4(H20)]'^ 
[(U02^^)(CH3CN)4(CH30H)]2^ 
[(U02'^)(CH3CN)5]'^ 
[(U02'^)(CH3CN)5(H20)]'^ 
[(U02'^)(CH3CN)5(CH30H)]'^ 
[(U02^^)(CF3C00")]+ 
[(U02^^)(CH3C00')(CH3CN)(H20)]+ 

[(U02'^)(CF3C00 )(H20)]^ 
[(U02^^)(CH3C00 )(CH3CN)(CH30H)]^ 

[(U02'^)(CH3C00-)(CH3CN)2]^ 
[(U02^^)(CF3C00")(CH30H)]^ 

[(U02^^)(CF3C00")(CH3CN)]^ 

unassigned 
[(U02'^)(CH3C00")(CH3CN)2(H20)]^ 

[(U02^^)(CH3C00")(CH3CN)(CH30H)2]^ 

[(U02^^)(CH3C00~)(CH3CN)2(CH30H)]^ 

[(U02^^)(CH3C00")(CH3CN)3]^ 
[(U02'^)(N03")(CH3CN)3]^ 
[(U02^^)(CH3C00")(CH3CN)3(H20)]^ 

[(U02'^)(N03")(CH3CN)3(H20)]^ 

[(U02^^)(CH3C00")(CH3CN)3(CH30H)]^ 
[(U02^^)(CF3C00")(CH3CN)2(CH30H)]^ 
[(U02'^)(CF3C00-)(CH3CN)3]^ 
[(U02'^)(CF3C00 )(CH3CN)3(H20)]^ 

[(UQ2^^)(CF3C00')(CH3CN)3(CH30H)]^ 

Calc. Obs. 
m/z m/z 

217.1 216.9 
226.1 225.8 
233.1 232.7 
237.6 237.2 
246.6 246.2 
253.6 253.1 
383.0 382.7 
388.1 387.7 
401.0 400.5 
402.1 401.7 
411.1 410.7 
415.0 414.5 
424.0 423.4 

424.6 
429.1 428.5 
434.1 433.5 
443.1 442.6 
452.1 451.4 
455.1 454.5 
470.1 469.4 
473.1 472.4 
484.1 483.5 
497.1 496.6 
506.1 505.5 
524.1 523.5 
538.1 537.3 
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Figure 6.2 Reactions of UOi^^- containing ions with solvent molecules in the ion trap 
upon isolation and storage, a) m/z 382.7, b) m/z 401.7 c) m/z 410.6, d) m/z 
423.6, e) m/z 424.6, f) m/z 428.5, g) m/z 433.5, h) m/z 442.5, i) m/z 451.5, 
j) m/z 460.6, k) m/z 496.6,1) m/z 505.5. 
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solutions in which only H2O is the only solvent (i.e. Figure 6.1a), CH3CN and CH3OH 

must be derived from a source other than the solvent used to prepare the sample. Solvent 

molecules may adsorb to the metal surfaces in the ion trap and the surrounding vacuum 

hardware, and eventually contribute to the total bath gas pressure.^^'^ Methanol and 

acetonitrile are commonly used ESI solvents, so their presence in the ion trap is not 

surprising. Water may comprise a significant fraction of the total bath gas pressure, and it 

has been well established that residual water may react with metal species in the ion 

trap.^^"^"^^^ Similar reactions have been observed for methanol as well. Therefore, the 

additions of 18, 32 and 41 seen in Figures 6.2a-l are proposed to be due to reactions with 

adventitious H2O, CH3OH and CH3CN in the ion trap, respectively. Occasionally, as 

shown in Figures 6.2b, g, and k, ligand exchange reactions occur, with apparent 

substitution of CH3CN for CH3OH leading to a 'daughter' ion of 9 Da higher mass than 

the selected 'parent' ion. 

Providing assignments for these ions is a challenge. Previous investigations have 

indicated that forms gas-phase complexes with the general formula of 

[(U02L)Sn]^, where L represents a ligand such as hydroxide, acetate, or nitrate, and S 

• ft 9R ft 9Q 
represents water or methanol with 1 < n < 3. ' Experience has shown that acetate 

and trifluoroacetate are ubiquitous contaminants in the LCQ ion trap mass spectrometer 

used for these studies; ions related to these species are often visible in negative 

(CH3C00~, m/z 59; CFaCOO", m/z 113) and positive ion spectra ([CH3C00H)(H^)]^, 

m/z 61; [CF3C00H)(H'^)]^, m/z 115). may easily form complexes with these 

contaminants, and many of the ions in Figures 6.1 and 6.2 are due to UO2 -acetate and 
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trifluoroacetate species. For instance, the ion of m/z 382.7 in Figure 6.2a is assigned to 

[(U02^^)(CF3C00~)]^, while the ion of m/z 401.7 in Figure 6.2b is assigned to 

[(U02^^)(CH3C00")(CH3CN)(CH30H)]+. The ion [(U02^^)(CF3C00")]^ (m/z 382.7) 

adds H2O, CH3OH and CH3CN to form ions at m/z 400.5, 414.5 and 423.4, respectively. 

Ion assignments are shown in Table 6.1. These assignments are complicated by mass 

shifts to lower values of-0.3 to 0.7 Da relative to the expected mass. It is possible to use 

the contaminant [(CF3C00H)(H^)]^ peak (not shown in Figure 6.1a) as an 'internal 

standard'. The calculated value for this peak is m/z 115.0, but it appears at m/z 114.7. 

The lower than expected value for this known ion means the assignments in Table 6.1 can 

be reported with confidence. All peaks in these spectra, including that for 

[(CF3C00H)(H^)]^ exhibit 'tailing', which may be one reason for the lower-than-

expected m/z values. 

Most of the ions shown follow the pattern [(U02L)Sn]^, 1 < n < 3. Previous work 

has shown that U02^ - nitrate and acetate complexes will accept no more than three H2O 

l igands  forming gas-phase  complexes  of  pentagonal  b ipyramidal  geometry .U02^^-

methoxy and ethoxy species will also only accept three methanol or ethanol ligands in the 

gas phase.^^^ Therefore, it is interesting that U02^^-nitrate and acetate complexes can 

accept four solvent ligands when CH3CN comprises three of those ligands and water or 

methanol the remaining one. This is most likely due to the linear nature of the CH3CN 

molecule, that allows greater separation of the bulky CH3 groups around the central 

U02^^ ion. Ions of m/z 469.4, 472.4, and 483.5, assigned to 

[(U02'^)(CH3C00")(CH3CN)3(H20)]^ [(U02^^)(N03")(CH3CN)3(H20)]^ and 
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[(U02^^)(CH3C00~)(CH3CN)3(CH30H)]'^, demonstrate this trend. Density functional 

theory calculations suggest that NO3 and CH3COO can form both bidentate and 

• 6 29 monodentate complexes with UO2 . In the case of acetate, the monodentate 

conformation is presumably stabilized by hydrogen bonding with one H2O ligand. Nitrate 

can also hydrogen bond with H2O, but this conformation was found to be less stable.^^^ 

In the case of acetonitrile complexes, hydrogen bonding between acetate and H2O or 

CH3OH may also serve to stabilize the ion, whereas a fourth CH3CN ligand would not 

provide this stability. Figure 6.3 shows one example of a configuration around a U02^^ 

central ion. 

Ions that appear in the range from m/z 215 - 260 are doubly charged (Figure 6.4a 

and b. Table 6.1). These ions follow the same trends as the singly charged ions. The full 

spectrum is shown in Figure 6.4a and the MS/MS spectrum in Figure 6.4b. Upon 

2"i" 2"i" selection of [(UO2 )(CH3CN)5] (m/z 237.2) and application of collision energy, ions at 

m/z 225.5 and m/z 216.9 reappear (Figure 4b). These ions were previously assigned 

above to [(U02^^)(CH3CN)4(H20)]^^ and [(U02^^)(CH3CN)4]^^, respectively. It is 

apparent that application of collisional energy to m/z 237.2 leads to exchange of H2O for 

CH3CN, confirming the presence of H2O in the ion trap. However, the parent ion is very 

stable and does not fragment completely. 

An interesting observation is the presence of a peak at m/z 237.7 in Figure 6.4a. 

This peak has a relative abundance of-12%, and would seem to be an isotope peak. 

However, upon application of fragmentation energy, the relative abundance of this peak 

increases to -30%. The increase in relative abundance indicates that m/z 237.7 may be 
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[(U02^')(CH3C00')(CH3CN)(CH30H)]^^(ni/z 483.5) showing potential 
H-bonding stabilization of acetate. 
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2_|_ , Figure 6.4 Complexes of UO2 with CH3CN. a) Expanded view of the low mass 
region in Figure 6.1a, b) MS/MS spectrum of m/z 237.2. 
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due to the presence of an ion such as [(U02^)(CH3CN)5(H'^)]^'^ (m/z 238.0), in which the 

uranyl moiety is reduced. 

Negative Ion Mass Spectra 

The negative ion spectrum of a solution of 0.25 mM UO2 and 0.5 mM NO3 in a 

20% CH3CN/ 80% H2O solvent mixture is shown in Figure 6.5. Ion assignments are 

listed in Table 6.2. Negative ion spectra lack the variety of solvent association reactions 

seen in the positive ion mode and are thus less complex. 

Previous mass spectral studies indicate that metal ions with a stable 2+ oxidation 

2_|_ ^ 30 6 31 state form gas-phase complexes with nitrate of the form [(M )(N03 )3] . ' These 

complexes fragment with loss of NO2, giving ions of the form [(M0"^)(N03~)2] 

U02^^, which exists in a stable 2+ oxidation state, also forms complexes with nitrate of 

the form [(U02^^)CN03~)3]' that appear as the most intense peak in the spectrum as m/z 

455.9 in Figure 6.5. In this species, the nitrate groups are most likely coordinated to the 

uranyl ion in a bidentate fashion, similar to what has been shown previously for various 

6 32 • condensed phase uranyl trinitrate salts. Figure 6.6 shows the result of CID on selected 

ions from the spectrum in Figure 6.5. Collision-induced dissociation (CID) of m/z 455.9 

leads to a formal loss of NO2 (46 Da) and the formation of the species 

[(U02^)(N03~)20']~ at m/z 409.9 (Figures 6.6c). CID of [(U02^)(N03~)20'] does not give 

the expected simple loss of NO2 (46 Da) to form [(U02^)(N03 )(02 )] (m/z 364) or a 

loss of N03~ or NO3' (62 Da) to form an ion of m/z 348 but instead to a loss of 44, with 
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Figure 6.5 Negative ion spectrum of a solution 0.25 mM in and 0.5 mM in 
NOs" (20% CH3CN/80% H2O). • indicates a trifluoroacetate species. 
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Table 6.2 Negative ion species generated by eiectrospray of a solution 0.25 mM in 
U02^^ and 0.5 mM in NO3" (20% CH3CN/80% H2O). 

Species 
Calc. 
m/z 

Obs. 
m/z 

[(U02'")(N03-)(0H-)2]" 
[(U02'^)(N03")(0H-)(02-)]-

[(U02")(N03-)2]" 

[(U02'^)(N03")2(0 )]' 

[(U02^)(N03")2(0")]' 

[(U02'^)(N03'~)2(F")]" 

[(U02'^)(N03")(0H-)(02")]" 

[(U02'")(N03")3]" 

[(U02'^)(CF3C00-)(N03")(F")]" 

[(U02'^)(CF3C00-)(N03 )2]^ 

[(U02'^)(CF3C00-)2(N03~)]" 

366.0 
381.0 
394.0 
410.0 
410.0 
413.0 
426.0 
456.0 
464.0 
507.0 
558.0 

365.8 
381.0 
393.9 
409.9 
409.9 
413.0 
425.7 
455.9 
463.9 
507.0 
557.9 
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463.9 
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/MS spectra of negative ions generated from a solution 0.25 mM in 
2^^ and 0.5 mM in NOa" (20% CH3CN/80% H2O). a) m/z 557.7, b) m/z 
.0, c) m/z 455.9, d) m/z 409.9, e) m/z 365.8. 
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the formation of an ion of m/z 365.8, which can be assigned to [(U02^^)(N03~)(0H )2]~. 

This ion also appears in the full spectrum (Figure 6.5). Because of the high partial 

pressure of H2O in the ion trap, a plausible mechanism to explain the formation of the ion 

of m/z 365.8 might be the formal loss of an NO3' radical followed by addition of H2O, 

resulting in the [(U02^ )(N03 )(0H~)2]~ species. A similar loss of NO3* during CID of 

[(U02^^)(N03~)3]~ is seen in the FTICR cell, as will be discussed in the next section. The 

[(U02^^)(N03~)(0H~)2] ion is very stable and does not fiirther fragment. 

Ions at m/z 557.9 and 507.0 are assigned to [(U02^^)(CF3C00~)2(N03~)]" and 

[(U02^^)(CF3C00~)(N03~)2] , respectively, and are a result of trifluoroacetate 

contamination within the instrument. The trifluoroacetate-containing ions are marked 

with a closed diamond symbol in Figure 6.5. Collision-induced dissociation of these 

U02^^-trifluoroacetate species leads to ions of m/z 463.9 and 413.0, respectively (Figures 

6.6a and b. Table 6.2), that also appear in the full spectrum (Figure 6.5). The appearance 

of these ions in both spectra suggests that these reactions may occur in the electrospray 

source as well. It is proposed that these UO2 -trifluoroacetate complexes fragment via a 

rearrangement reaction that leads to the loss of CF2COO and the addition of F~ to the 

U02^^ coordination sphere, leading to ions of m/z 463.9 and 413.0. 

Also appearing in the spectrum in Figure 6.5 is an ion at m/z 425.8 that can be 

^ ^ , n I _ 
assigned either to the peroxo species [(UO2 )(N03 )2(02 )] or to the methanol complex 

[(U02^)(N03~)2(CH30H)]~ in which uranium must be in the U(V) oxidation state. 

Unfortunately, the LCQ ion trap instrument used here does not have adequate mass 

resolution to differentiate between these two isobaric ions. The intensity of the ion at m/z 



425.8 increases with increasing spray voltage (Figure 6.7a-c) indicating that it may be 

formed by an electrolytic process in the source. This is evidence in favor of the peroxo 

species, [(U02^^)(N03~)2(02 )] , since CH3OH was not present in the solutions used in 

these experiments, but is present as a contaminant in the ion trap. Figure 6.8a shows the 

CID mass spectrum of this ion. The predominant peak at m/z 393.9 in Figure 6.8a 

corresponds to a loss of 32 Da, either a loss of O2 or CH3OH, leaving the species 

[(U02^)(N03")2] . CID of [(U02^)(N03~)2]~ results in a loss of 28 Da with formation of 

an ion of m/z 366.0 (Figure 6.8b) that is assigned to [(U02^^)(N03^)(0H~)2]~, in which 

uranium is reoxidized to U(VI). This reoxidation of uranium from U(V) to U(VI), 

coupled with a loss of 28 Da could only occur through loss of NO2 and addition of H2O. 

When electrosprayed from solutions of uranyl nitrate, the {UO2 (H20)5}^^ ion 

which is predominant at pH ~3 does not survive the desolvation step. U02^^ has a stong 

affinity for coordinating ligands and solvents present as contaminants in the LCQ ion trap 

instrument, forming a variety of positive and negative ions. Spectra acquired in these 

9+ 
modes indicate that UO2 has the greatest affinity for nitrate, acetate, trifiuoroacetate and 

acetonitrile as coordinating ligands. Water or methanol can be observed associated with 

positive ion complexes formed from these other ligands. CID of these various gas-phase 

species generally leads to ligand association, dissociation, and exchange reactions of 

these species at the relatively high pressures in the ion trap. Despite this fact that the 

2_|_ majority of the ions observed arise from the reactions of UO2 with contaminants in the 

ion trap, spectra in both the positive and the negative ion modes are surprisingly 

reproducible. Nontheless, the presence of the contaminant species renders the LCQ 
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Figure 6.7 Effect of spray voltage on the negative ions generated from electrospray of 
a solution 0.25 mM in and 0.5 mM in NOs" (20% CH3CN/80% 
HiO). Spectra acquired at spray voltages of a) 4.9 kV; b) 4.5 kV; c) 4.0 
kV. 

45 

425.7 
365.7 

1 

5.9 

507.0 

45( 
b 

365.9 42^ 

5.0 

c 45( 

365.7 

3.0 

506.9 

557.9 



263 

D O 
§ 
-O 
c 
3 
< 
(U 
> 

• ̂  

100 

5 0 .  

0. 

100 

5 0 -

a 393.9 

366.1 

300 400 500 600 

m/z 

Figure 6.8 MS" spectra of [U02(N03 )2(02 )] (m/z 425.6) and [U02(N03 )2] (m/z 
393.9) generated from electrospray of a solution 0.25 mM in U02^^ and 
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ion trap instrument ineffective as a tool for monitoring speciation in cases where is 

only weakly complexed in solution. However, the instrument has utility in cases where 

UOi^^is complexed by a strongly coordinating ligand such as citrate or tartrate. 

The Uranyl Carbonate System 

The purpose of the experiments described in this section is to examine the effect 

* 2+ of carbonate in solution on the gas-phase reactions of UO2 and the feasibility of using 

ESI-MS to characterize uranyl carbonate speciation in groundwater. Carbonate and 

bicarbonate are major constituents of groundwaters in many areas (e.g. Arizona), and 

2_|. form strong complexes with the UO2 dication (see Table 1.1). Uranyl carbonate 

complexes can account for -70 to 90% of aqueous U(VI) in some groundwaters.^^^ 

Because the uranyl(VI) carbonate system is of such great environmental importance, it 

has been very thoroughly studied. Three monomeric complexes and several polymeric 

complexes are known to exist,and two of these species, (U02)3(C03)6^ and 

U02(C03)3'^~, have been well-characterized spectroscopically.^^^ 

The experiments described in this chapter were completed using solutions 0.5 mM 

in UO2 and 2.5 mM in CO3 in H2O at pH 8.5. Because uranyl nitrate was used to 

prepare solutions, NOs" was present in all solutions at a concentration of ~1 mM. 

Ammonium carbonate was used as the carbonate source, and the concentration of NH4^ 

in solution is ~5 mM. 

The uranyl carbonate species present in solution depend on pH and solution 

concentrations of uranyl and carbonate. At \302* concentrations > 1 mM and [HCO3 ] = 
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1 mM, and at pH ~6, (1102)3(003)6^ is the predominant solution species over the 

• 6 35 mononuclear species shown in Figures 1.9a and b. Under conditions used in the 

experiments reported here, 1)02(003)3'^" is the major solution species. This ion consists 

of three bidentate carbonate ligands surrounding the central uranyl group. 

(1102)3(003)6^ and 1102(003)3'^ are the only two carbonate-containing solution species 

for which Raman or infrared spectroscopic data exist. These data are shown in Table 6.3. 

The presence of 1102(003)3'^" as the predominant solution form was verified using Raman 

spectroscopy on an aqueous solution 1 mM in UO2 and 5 mM in CO3 at pH 8.5. The 

appearance of the Vs(U02) mode at 813 cm"' in the Raman spectrum shown in Figure 6.9 

confirms that 1)02(003)3'^" is indeed the predominant species.^^^ 

As a quadruply charged negative ion with a mass of 450 Da, 1102(003)3'*" would 

be expected to appear in the negative ion mass spectrum at m/z 112.5. Based on the 

observations described in Chapter 4,1102(003)3''" may also form adducts with solution 

cations such as NH4^, Na^ and K^, and thus appear as triply, doubly and singly 

negatively-charged ions, or as positively charged ions, depending on the extent of 

adduction. However, in the studies described below, no ions identified with the 

1102(003)3''" species were detected, presumably due to thermally-promoted 

decarbonation during the electrospray process for capillary temperatures varied from 

70°Cto 120°C. 



266 

Table 6.3 Characteristic frequencies of the Vs(U02) and Vas(U02) modes for aqueous 
U02(C03")3'" and (U02)3(C03')6'~ 

Uranyl carbonate 
species 

Vs(U02)^ Vas(U02)'' 
(cm ') (cm ') 

U02(C03")3'" 
(U02)3(C03")6'" 

812.5 891.7 
831.6 921.3 

Assigrmients from Allen et al.^^^ 
'' Assigrmients determined by the author. 
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2_|_ Figure 6.9 Raman spectrum of a pH 8.5 solution 1 mM in UO2 , 2 mM in NO3 , and 
5 mM in COa^ showing the presence of U02(C03)'^~ at 813 cm"'. 
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Positive Ion Mass Spectra 

Figures 6.10a-d show positive ion mass spectra observed at increasing capillary 

temperatures from 70 to 120°C. Below 70°C, no spectra could be obtained. Assignments 

are provided in Table 6.4. As for the mass spectra described above, the ion assignments 

are complicated by mass shifts of -0.3 to 0.5 Da lower than the expected mass. The weak 

signal intensity of these ions did not allow CID spectra to be obtained. 

At a capillary temperature of 70°C, ions that contain both uranyl and carbonate 

appear at m/z 426.5, 441.6, and 490.7 (Figure 6.10a, Table 6.4), although no adducts of 

1102(003)3'*" were detected. The presence of uranyl carbonate species containing only 

one or two carbonate ligands indicates the loss of carbonate occurs even at this low 

capillary temperature. Uranyl acetate species resulting from acetic acid contamination of 

the instrument are also observed. As temperature is increased, the intensities of the 

carbonate-containing species decrease further, until at 120°C the major ion in the 

spectrum is the uranyl acetate species, [(U02^^)(CH3C00~)(CH3CN)3]^ (m/z 451.6), 

along with small amounts of [(U02^^)(CH3C00')(CH3CN)(H20)(0H )(Na^)]^ (m/z 

427.7) and [(U02^^)(CH3C00")(CH3CN)2(0H")(Na^)]^ (m/z 450.5) as shown in Figures 

6.10b-d. 

Veyland et al.^ " detected ions containing the zirconium carbonate species 

Zr(C03)4^ in positive ion mode in solutions containing K^, that can form positively-

charged adducts with zirconium carbonates. However, in the experiments reported here, 

the addition of to the solution containing the uranyl carbonate species did not aid in 

the detection of adducts of 1102(003)3'*". 
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Figure 6.10 Effect of capillary temperature on the positive ion mass spectrum of a 
solution 0.5 mM in 1.0 mM in NOs^ and 2.5 mM in COs^" in H2O 
at pH 8.5. a) 70°C, b) 90°C, c) 110°C, d) 120°C. 
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Table 6.4 Positive ion species from electrospray of solutions 0.5 mM in 1.0 
mM in NO3 and 2.5 mM in COb^ in H2O at pH 8.5. The predominant ion 
in solution is U02(C03)3'^ . 

Species 
Calc. Obs. 
m/z m/z 

[(U02'^)(C03'")2(NH4 ")2(H")]" 
[(U02^^)(CH3C00")(CH3CN)(H20)(0H")(Na+)]^ 
unassigned 
[(U02'^)(C03')(CH3CN)(H20)(NH4^)2(0H-)]^ 
[(U02^^)(CH3C00")(CH3CN)2(CH30H)]^ 
[(U02'^)(CH3C00")(CH3CN)2(0H")(Na+)]^ 
[(U02^^)(CH3C00")(CH3CN)3]^ 
[(U02^^)(CH3C00 )(Na^)4(OH-)4]^ 
[(U02'^)(C03'")(Na^)4(0Hl3(H20)]^ 

427.1 426.5 
428.0 427.7 

435.5 
442.1 441.6 
443.1 442.5 
451.0 450.6 
452.1 451.6 
489.0 489.3 
491.0 490.7 
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Negative Ion Mass Spectra 

Negative ion mass spectra as a function of capillary temperature are shown in 

Figures 6.1 la-d. Assignments are given in Table 6.4. Two ions observed here are 

identical to those found in negative ion spectra from uranyl nitrate-containing solutions. 

These include [(U02^'^)(N03~)(0H~)2]~ at m/z 365.8 and [(U02^^)(N03~)2(02~)]~ at m/z 

425.7. The ion at m/z 335.7 is assigned to the peroxo species [(U02^^)(0H~)2(02~)]~ 

2^ _ because of its temperature dependence, discussed further below. [(UO2 )(0H )2(02 )] 

and [(U02^^)(0H~)3]~ (m/z 320.8), although not seen in Figure 6.5, also sometimes 

appear as small ions in the mass spectra of uranyl nitrate solutions. The ion at m/z 362.8 

may be formally designated as [(U02'^)(C03^ )(H^)(02 )] (or [(U02^)(HC03 )(02 )] ). 

The ion at m/z 377.9 can be assigned to [(U02^^)(C03^ )(0 )(CH30H)] . In this case, the 

ion cannot be assigned to a peroxo complex, as this would alter its charge from -1 to -3. 

The ion at m/z 431.8 is assigned to [(U02^'^)(C03^~)2(H"^)(CH3CN)]~. The remaining ions 

in the spectra could not be definitively assigned. 

The general trends in the spectra in Figure 6.11 indicate that as temperature 

increases, the relative abundances of the carbonate-containing ions decrease and the 

relative abundances of [(U02^^)(0H )2(02 )] (m/z 335.7) and [(U02^^)(0H )3] 

(m/z 320.8) increase. One explanation for the increase in these latter two ions is that they 

form when carbonate is lost during desolvation according to the following formal 

reactions: 
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Table 6.5 Negative species from electrospray of a solution 0.5 mM in 1.0 
mM in NOa" and 2.5 mM in COs^" in H2O at pH 8.5. 

Species 
Calc. Obs. 
m/z m/z 

[(U02^")(0H-)3]" 

[(U02'^)(0H-)2(02")]" 

[(U02^)(CH3C00-)(0H-)2]-

[(U02'")(N03")(0H-)2]" 

[(U02'^)(CH3C00-)(0H-)(02")]" 

[(U02'^)(HC03")(0H-)(02")]" 

[(U02'^)(N03")(0H-)(02")]" 

[(U02'^)(C03'")(HC03")(H20)]' 

[(U02'^)(CH3C00")(0H-)2(H20)3]" 

[(U02'^)(C03'")(N03-)(CH30H)]' 

[(U02'^)(N03")2(02")]" 

[(U02'^)(C03'")(HC03")(CH3CN)r 

321.0 320.8 
336.0 335.7 
363.0 362.8 
366.0 365.8 
378.0 377.9 
380.0 379.4 
381.0 380.7 
409.1 408.4 
417.1 416.8 
424.0 423.3 
426.0 425.7 
432.0 431.8 
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m/z321: U02(C03)3^" + 3H^ = [U02(0H)3] + 3C02 

m/z 336: U02(C03)3^" + 2H^ + H2O = [U02(0H)202]" + 3C02 + H2" 

• 18 2~ 18 4~ These reactions could be verified using 0-labeled CO3 to prepare U02(C ©3)3 . 

Loss of C^^02 would leave the ^^0-labeled products [U02('^0H)3]" or [U02(0H)('^0H) 

''O2]" 

Although U02(C03)3'^~ has a large formation constant (K = and is quite 

stable in solution at 25°C, during ESl-MS, the carbonate ligand is lost as CO2, either 

during desolvation or travel through the heated capillary prior to passing through the 

skimmer. Previous work has shovra that pH may decrease by as much as 1.5 pH units in 

the spray plume,but this alone is insufficient to drive the reaction 

U02(C03)3^" + 6H^ ^ U02^^ + 3CO2 + 3H2O 

In aqueous solution, an increase in solution temperature leads to loss of the carbonate 

ligand as CO2. The temperature dependence of the spectra shown in Figure 6.11 indicates 

that ligand loss in these experiments is probably occurring in the heated capillary. In 

solution, loss of CO3 is followed by hydrolysis of UO2 and precipitation. In the gas 

phase, the loss of C03^~ leaves U02^^ free to complex with small ligands such as 

CH3C00^ and NO3 , in addition to neutral solvent molecules such as CH3CN and 
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CH3OH. The lowest capillary temperature that could be used was 70°C, but U02(C03)3'^~ 

or its adducts were still not detected. 

Conclusions 

U02^^-acetate, trifluoroacetate and nitrate complexes readily react with small 

neutral molecules, such as CH3CN, CH3OH, and H2O to form solvated gas-phase species 

of the form [(U02L)Sn]^, where L represents a ligand such as acetate, trifluoroacetate or 

nitrate, S represents CH3CN, CH3OH, and/or H2O, and 1 < n < 4, depending on the 

coordinated solvent molecules. When no anionic ligand, L, is present, UO2 forms 

doubly-charged ions containing up to six solvent molecules. Solvent exchange and 

addition reactions readily occur. The relative abundances of the species formed during 

these reactions are probably related to the partial pressures of the respective solvents in 

the ion trap. U02^^ also formed negatively charged complexes with nitrate and 

trifluoroacetate of the form [U02Ln]^, where L represents the ligand and 1 < n < 3. 

Fragmentation products of these ions were also detected in the mass spectrum. Strangely, 

no acetate complexes were detected. These negative ion species are coordinatively 

saturated and do not react with the solvents present in the ion trap. 

While the reactions described above are interesting in and of themselves, they 

make data interpretation very difficult and careful attention must be paid towards 

eliminating the described sources of contamination from the instrument and providing a 

more controlled environment before the LCQ instrument can be used as a tool to examine 

speciation in natural waters. 
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Preliminary studies were completed on the use of ESI-MS to characterize uranyl 

carbonate species that may be present in groundwater. These species are very important 

environmentally and are also quite labile, and methods developed for them should be 

useful for a broad spectrum of uranyl complexes with other ligands. It was found here 

that U02(C03)3'^ suffers the loss of the carbonate ligand at even relatively low capillary 

temperatures. The U02^^ ion, which is completely complexed in solution by the strong 

ligand, then is free to react with acetate and nitrate in the source. These types of 

reactions are very detrimental to the use of ESI-MS for the detection of possibly labile 

uranyl-containing complexes occurring in natural waters. 

The relatively low resolution the LCQ instrument makes ion assignments in such 

a complex system somewhat difficult, and the use of Fourier Transform Ion Cyclotron 

Resonance Mass Spectrometry (FTICR) which provides both high resolution and 

accurate mass measurements may help to elucidate the gas-phase chemistry of the uranyl 

ion and its complexes. Preliminary studies involving this instrument are described in 

Chapter 7. 
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CHAPTER 7 

ESI AND FTICR EXPLORATION OF GAS-PHASE UOi^^ COMPLEXES FORMED 

WITH NITRATE, METHANOL AND WATER 

Introduction 

The aqueous chemistry of uranium influences important technological, biological 

and geochemical processes involving this element, including its mobility and fate in the 

geologic subsurface, bioavailability and carcinogenicity, the genesis of uranium mineral 

deposits, nuclear fuel reprocessing, and the migration of nuclear wastes. However, while 

great strides have been made in terms of understanding uranium speciation in aqueous 

systems as well as the thermodynamic properties of organic and inorganic uranium 

complexes, the complexity of uranium chemistry means that much confusion still exists 

regarding the existence of individual species under particular conditions of pH, 

temperature, ionic strength, and solution concentration of uranium and potential 

complexing ligands. One of the major difficulties is the paucity of methods that can be 

used to distinguish specific molecular species at low concentrations in solution. 

Electrospray ionization mass spectrometry (ESI-MS) can provide molecular weight and 

structural information and has been used successfully for molecular characterization of 

uranium complexes formed with ligands of environmental or biological interest.^ 

However, much fundamental work on the complex gas-phase chemistry of uranium and 
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uranium-containing species yet remains to be done before ESI-MS can be used for 

characterization of uranium species in natural waters. 

In the environment, uranium most commonly occurs in the +6 oxidation state as 

the uranyl dication (UOa^^). Most previous studies on the gas-phase chemistry of uranium 

have focused on the reactions of and UO^ with small organic and inorganic 

molecules,^^"^^^ and it has been only in the past few years that the gas-phase chemistry of 

has begun to be investigated. Of particular interest has been the reactivity of 

and UOi^^-ligand complexes towards neutral solvent molecules such as water, alcohols, 

acetone and acetonitrile as well as the collision-induced dissociation pathways of these 

UOi^^-solvent species.^' 

Presented in this chapter are the results of a study using the combination of 

electrospray ionization and Fourier transform ion cyclotron resonance (FTICR) mass 

spectrometry to investigate the gas-phase chemistry of positive and negative UO2 -

containing ions. The use of FTICR which provides both high resolution and accurate 

mass measurements may help to elucidate the gas-phase chemistry of the uranyl ion and 

its complexes. 

Positive U02^^-Containing Ions Formed with Nitrate, Methanol and Water 

Effect of Instrument Tuning on the Mass Spectrum 

ESI ionization of uranyl nitrate solutions generates a wide variety of singly and 

doubly charged uranyl-containing ions. These species include not only the relatively 

simple [U02^ (A )Sn]^ ions, where A is CHaO", OH or NO3 and S is either CH3OH or 
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7 18 • 7 20 HiO as described in Van Stipdonk et al. and in Chien et al., but also more complex 

positively charged oligomeric species at higher m/z as well as a number of simple, 

nitrate-containing, negatively-charged species. 

In the positive ion mode, the types of uranyl-containing ions detected using 

FTICR are strongly dependent upon such instrumental tuning parameters as quadrupole 

trapping time and operating frequency, while negative ion spectra are relatively 

unaffected by changing these parameters. As discussed in Chapter 2, ions generated by 

the electrospray source are accumulated in a RF-only hexapole, before being pulsed into 

a RF-only quadrupole ion guide. The quadropole ion guide serves to focus the ions into a 

tight beam of < 1 mm diameter, and guide them through the fringing magnetic field of the 

7 23 • superconducting magnet into the FTICR cell. By changing the operating frequency, 

the ion guide can also be used as a 'bandpass' filter so that only ions in a selected mass 

range reach the ICR cell.'^^ As discussed in Chapter 2, the quadrupole ion guide used in 

the lonspec instrument has only two operating frequencies, 1820 and 965 kHz. The 

higher operating frequency allows trapping of lower mass ions (m/z 100 - 1000), and the 

lower operating frequency allows trapping of the higher mass ions (m/z 400 - 2500). The 

quadruple trapping time is the amount of time the ions spend in the quadrupole before 

being injected into the cell. At longer trapping times, the trajectories of the lower mass 

ions tend to become destabilized, and they are more likely to collide with the quadrupole 

rods and become lost. In the case of U02^-containing ions, manipulation of both of these 

parameters leads to the detection of vastly different species. 
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The dependence of ions detected in the positive ion mode on tuning conditions is 

illustrated in Figures 7.1a-c. These spectra were acquired under three different tuning 

conditions with identical spray conditions from a solution 330 |j,M in U02^^ and 660 |j.M 

in N03~ in a 66% CH30H/33% H2O (v/v) solvent system. The solution was prepared 

from a pH 3.5 solution 1 mM in and 2 mM in NO3 . The pH of the final solution 

was not measured, but is expected to be ~pH 3.5. In aqueous solution under these 

conditions, hydrated is the major ion in solution. In a solution containing 66% 

CH3OH and 33% H2O, U02^^ may be at least partially solvated by methanol, forming 

complexes containing both H2O and CH3OH ligands. The Analytica electrospray source 

is only able to create a spray from methanol/water solutions containing > 50% methanol, 

severely limiting the utility of the FTICR instrument for examining speciation in aqueous 

solution. The utility of this instrument as currently configured lies in the ability to 

2"l" generate a variety of gas-phase UO2 -containing ions, including 'naked' ions such as 

U02^ and U02^^, and study their gas-phase reactions with small, volatile, solvent ligands, 

allowing fiandamental studies into coordination and reactivity. 

Measured and calculated masses of the most abundant ions observed in Figures 

7.1a-c are given in Table 7.1. Although the measurements discussed in this chapter 

carmot provide direct evidence for the structures of these ions, since only chemical 

composition can be determined by accurate mass measurements, structural features such 

as those shown in Table 7.1 and throughout this chapter are suggested to aid the reader's 

understanding. 
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Table 7.1 Assignments for positive ions resulting from a solution 330 |a,M in 
and 660 |a,M in NOa" in a 66% CH30H/33% H2O (v/v) solvent system. 

Nominal Observed Calculated 
Assigrmient 

m/z' m/z m/z 
Assigrmient 

301 301.0590 301.0590 [(U02'")(CH30-)]" 

183 182.5579 182.5557 [(U02'^)(CH30-)(CH30H)2]'^ 
198 198.0424 198.0404 [(U02'^)(N03-)(CH30H)2]'^ 
365* 365.1114 365.1114 [(U02'^)(CH30 )(CH30H)2]^ 
396 396.0797 396.0809 [(U02'^)(CH30H)2(N03~)]^ 
790 790.1009 790.0971 [(U02'^)2(N03")3(CH30H)2]^ 

572* 572.0711 572.0711 [(U02^)(U02'^)(02'")]^ 
587 587.0949 587.0945 [(U02'^)2(0'-)(CH30-)]^ 
615 unassigned 
618 618.0639 618.0640 [(U02'^)2(0'-)(N03')]^ 
726 726.0465 726.0447 [(U02'^)2(N03")3]^ 

981 981.1155 981.1108 [(U02'")3(0'-)(N03")2(CH30-)]" 
1012 1012.0760 1012.0802 [(U02'")3(0'1(N03-)3]^ 
1044 1044.1065 1044.1064 [(U02'")3(0'-)(N03-)3(CH30H)]" 
1152 1152.0856 1152.0871 [(U02'^)3(N03")5(CH30H)]^ 
1406 1406.0990 1406.0964 [(U02'")4(0'-)(N03-)5]" 
1469 1469.0967 1469.0921 [(U02'")4(N03-)6(0H-)]" 
1483 1483.1106 1483.1077 [(U02'^)4(N03")6(CH30-)]^ 
1546 1546.1078 1546.1034 [(U02'^)4(N03")7(CH30H)]^ 
1800 1800.0585 unassigned 

^ * Indicates ions used for calibration. Ions of m/z > 900 calibrated using 
Ultramark 1621. 
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Use of the higher quadrupole operating frequency (1820 kHz), a relatively short 

quadrupole trapping pulse length of 2.881 ms, and a hexapole trapping time of 1000 ms 

results in detection of only the simple methoxy adduct to U02^^, [(U02^^)(CH30~)]^ at 

m/z 301 (Figure 7.1a). 

The use of a lower operating frequency (965 kHz) with a longer quadrupole 

trapping pulse length (3.167 ms) results in detection of more complex adducts (Figure 

7.1b). Here a hexapole trapping time of 400 ms was used. These species include 

[(U02^^)(CH30~)(CH30H)2]^ and [(U02^^)(N03")(CH30H)2]^ at m/z 365 and m/z 396, 

respectively. These ions have been previously characterized by Van Stipdonk et al.^ 

using an ion trap mass spectrometer. In the studies reported in this chapter, doubly-

charged species corresponding to the radicals [(U02^^)(CH30')(CH30H)2]^^ and 

[(U02^^)(N03')(CH30H)2]^^ appear at m/z 183 and 198, respectively (Figure 7.1b, inset). 

The highest mass ion in Figure 7.1b appears at m/z 790 and can be assigned to 

[(U02^^)2(N03^)3(CH30H)2]^; a related species, [(U02^^)2(N03~)3(H20)2]^, has been 

detected by Van Stipdonk et al.^^^ In the tuning procedure used to acquire the data shown 

in Figure 7.1b, a two-step filament trapping ramp was applied in which the plate potential 

was first decreased to 4 V and then to 0 V. This two-step filament trapping has been 

found useful for stabilizing ion trajectories in the FTICR cell during H/D exchange 

7 24 experiments. 

Additional complex species are detected with the use of the lower frequency coil, 

a significantly longer quadrupole trapping pulse length of 3.800 ms, and a hexapole 

trapping time of 1000 ms (Figure 7.1c). In this case, only ions of m/z > 500 appear in the 
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spectrum. Ions with higher mass (>700 Da) correspond to oligomeric uranyl nitrate 

species that can be characterized as having a general formula of 

[(U02'^)n(0'")(A")n(CH30H)s]^ or [(U02'^)n(A~)2„.i(CH30H)s]^ with n = 1^, and s = 0 

or 1. In both cases, A~ can be OH" N03~ CH30~ or a combination of these, although the 

formation of N03~-containing species is clearly preferred. 

The use of different tuning parameters is obviously important in gaining a more 

detailed understanding of the formation of gas-phase uranyl species during electrospray 

ionization. The variety of ions detected clearly indicates that UOi^^ participates in rich 

reaction chemistry during the electrospray process, forming numerous chemically- and 

structurally-distinct species. Given the lack of available information on the solvation of 

U02^^ in dilute solutions containing high concentrations of alcohols, it is difficult to say 

whether any of the detected ions are actual solution-phase species or if they are formed 

during the desolvation process. Ion formation through cluster reactions may also occur 

during ion accumulation in the hexapole region; it is possible that the high-mass 

polyuranyl species are formed in this way. Whether the high-mass ions are formed in the 

hexapole or during electrospray could be investigated by systematically varying the 

hexapole trapping time while maintaining constant spray conditions. 

The fragmentation patterns of the low mass species (< 500 Da) in Figures 7.1a 

7  18  and b have been previously discussed. The fragmentation patterns of the higher mass 

species shown in Figure 7.1c are discussed below. 



285 

Ion-Molecule Reactions with High-Mass Positive Ions using D2O as a Reaction Partner 

Ion-molecule reactions have been used extensively to gain information on the 

chemistry and reactivity of metals in coordination complexes, as well as the structures of 

these metal-lig£ind complexes.Here, D2O is used as a neutral reaction partner with 

several of the more abundant ions in Figure 7.1c in order to assess the degree of 

2_|_ coordinative unsaturation of UO2 in each of the selected species. Full spectra obtained 

after reaction of the major ions in Figure 7.1c with D2O for 10 s at 2.4 x 10^ torr are 

shown in Figures 7.2a-e. Representative spectra of the reaction region are collected in 

Figures 7.3a-d. Introduction of D2O into the FTICR cell results in some fragmentation of 

the selected ion; as an example, a representative full-scale spectrum of products 

appearing upon reaction of [(U02^^)3(0^ )CN03~)3]'^ (m/z 1012) with D2O is shown in 

Figure 7.4. Fragmentation products are the same for all ions selected; ion intensities are 

also very similar. Assignments and exact mass values for the ions shown in Figures 7.2a-

e, 7.3a-d and 7.4 are provided in Table 7.2. 

Upon examination of the spectra in Figures 7.3a-d and the data in Table 7.2, two 

patterns emerge. First, the selected ion may undergo a simple addition of one or more 

D2O ligands; the number of D2O ligands accepted appears to depend on the structure of 

the ion. H2O and HOD additions also occur, indicating the presence of residual H2O in 

the FTICR cell that participates in H/D exchange reactions with D2O. Additions of 

CD3OD are also apparent and must result from residual CD3OD in the analyzer region of 

the system or the exchange reagent reservoir/pulsed leak system. 
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Table 7.2. Assignments for species resulting from reaction of D2O with selected 
high-mass positive ions resulting from electrospray of a solution 330 |iM 
in U02^^ and 660 in NO3" (66% CH30H/33% H2O (\/\)y 

m/z^ Obs. m/z Calc. m/z 
1483* 1483.1077 1483.1077 
1502 1502.1260 1502.1246 
1503 1503.1322 1503.1309 
1519 1519.1600 1519.1592 

1012 Not obs. 1012.0802 
1051 1051.1227 1051.1202 
1052 1052.1268 1052.1264 
1068 1068.1597 1068.1546 
1069 1069.1322 1069.1307 
1070 1070.1365 1070.1370 
1071 1071.1410 1071.1433 
1072* 1072.1496 1072.1496 
1086 1086.1672 1086.1652 
1087 1087.1720 1087.1715 
1088 1088.1800 1088.1778 
1103 1103.2029 1103.1997 
1104 1104.2091 1104.2060 

618* 618.0640 618.0640 
637 637.0816 637.0808 
638 638.0874 638.0871 
654 654.1172 654.1153 
656 656.0974 656.0976 
657 657.1031 657.1039 
658 658.1086 658.1102 
676 676.1218 676.1208 
677 677.1289 677.1270 
678 678.1347 678.1333 
693 693.1543 693.1552 
694 694.1596 694.1615 

574 574.0835 574.0852 
587* 587.0945 587.0945 
590 590.1139 590.1164 
606 606.1105 606.1114 
607 607.1165 607.1176 
610 610.1368 610.1396 
626 626.1324 626.1345 
627 627.1383 627.1408 

Assignment 
[(U02'")4(N03l6(CH301]^ 
[(U02'")4(N03")6(CH30 )(HOD)]^ 
[(U02'")4(N03 )6(CH30-)(D20)]^ 
[(U02'")4(N03 )6(CH30-)(CD30D)]^ 

[(U02'^)3(0' 
[(U02'")3(0'-
[(U02'")3(0' 
[(U02'")3(0'-
[(U02'")3(02' 
[(U02'")3(0'-
[(U02'")3(0' 
[(U02'")3(0'^ 
[(U02'")3(0'-
[(U02'')3(0'" 
[(U02'")3(0'-
[(U02'")3(0'-
[(U02'")3(02 

')(N03-)3]" 
)(N03")3(D20)(H0D)]" 
)(N03 )3(D20)2]' 
)(N03")3(D20)(CD30D)]" 
)(N03 )3(H0D)3]" 
)(N03 )3(D20)(H0D)2]" 
)(N03 )3(D20)2(H0D)]" 
)(N03")3(D20)3]" 
)(N03 )3(D20)(H0D)(CD30H)]^ 
)(N03")3(D20)2(CD30H)]" 
)(N03')3(D20)2(CD30D)]" 
)(N03 )3(D20)(CD30D)(CD30H)]" 
)(N03 )3(D20)(CD30D)2]" 

[(U02'")2(0'-)(N03")]" 
[(U02'")2(0'-)(N03-)(H0D)]" 
[(U02'")2(0'-)(N03-)(D20)]" 
[(U02'")2(0-)(N03 )(CD30D)]" 
[(U02'")2(02-)(N03-)(H0D)2]" 
[(U02'")2(0'-)(N03 )(D20)(H0D)]" 
[(U02'")2(02")(N03 )(D20)2]" 
[(U02'")2(0'")(N03 )(D20)(H0D)2]" 
[(U02%(02 )(N03 )(D20)2(H0D)]" 
[(U02'")2(0' )(N03 )(D20)3]" 
[(U02'")2(0 )(N03 )(D20)2(CD30H)]^ 
[(U02'")2(01(N03 )(D20)2(CD30D)]^ 

[(U02'")2(0' )(OD ) 
[(U02'")2(0'-)(CH301]" 
[(U02")2(0H-)(CH30D)]" 
[(U02'")2(0' XCHjO )(HOD)]" 
[(U02'")2(0' )(CH30-)(D20)]" 
[(U02^)2(0ir)(CH30D)(D20)]" 
[(U02%(0' )(CH30 )(D20)(H0D]" 
r(U02^")2(0^ )(CH3Q')(D20)2r 

® Reacted ions in bold. 
'' * indicates ions used for calibration. 
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The highest mass ion selected, [(U02^^)4(N03 )6(CH30~)]^ at m/z 1483, 

undergoes only a simple single addition of HOD, D2O, or CD3OD, forming ions at m/z 

1502, 1503, and 1519, respectively. These products are also the only ones formed after a 

60 s D2O reaction time (data not shown). Although based on these data alone, the 

structure of this ion caimot be definitely determined, its lack of reactivity is one 

indication that the U02^^ center is fully coordinately saturated except for one site; 

therefore, the ion is unable to accept more than one ligand. 

The ion at m/z 270 corresponds to U02^, a characteristic ion seen in the 

fragmentation spectra of uranyl-containing species in experiments conducted here. The 

intensity of this ion is an indicator of the extent of fragmentation. Upon reaction of 

[(U02^^)4(N03~)6(CH30~)]^ with D2O, the U02^ peak is small (Figure 7.2a), indicating 

that the ion is relatively stable and does not fragment extensively. Presumably, the four 

U02^^ groups are coordinately saturated by NO3" in an oligomeric structure, although it is 

difficult to predict the structure of this ion based only on its presence and stability. 

In contrast to the reactive nature of [(U02^^)4(N03 )6(CH30 )]'^, 

[(U02^^)3(N03~)5(CH30H)]^ at m/z 1152 fragments on collision with D2O, but does not 

add a D2O ligand. This lack of ligand addition indicates that all coordination sites at the 

uranyl centers are filled in this ion (Figure 7.2b). 

[(U02^^)3(0^~)(N03~)3]^ at m/z 1012 is significantly more reactive than 

[(U02^^)4(N03~)6(CH30")]'^, but does not undergo addition of more than three ligands 

(Figure 7.3b, Table 7.2). After a D2O reaction time of 10 s, the parent ion has completely 

disappeared. The greater reactivity of this ion is an indication that the uranyl groups in 
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[(U02^^)3(0^~)(N03~)3]^ are coordinately less saturated than those in 

[(U02^^)4(N03~)6(CH30 )]^, and implies structural differences between the two ions. 

[(U02^^)3(0^~)(N03~)3]^ contains what may be a bridging oxygen ligand beween the 

three groups. The addition of three D2O or CD3OD ligands suggests that each 

U02^^ moiety can accommodate one ligand in addition to NOs", which probably has a 

• 2+ 2~ -|-bidentate coordination to uranyl. [(UO2 )3(0 )(N03 )3] also undergoes more extensive 

fragmentation upon reaction with D2O than does [(U02^^)4(N03~)6(CH30~)]^, suggesting 

that it is the more fragile species. 

It is interesting to compare the reactions of [(U02^^)2(0^~)(CH30~)]^ at m/z 587 

and [(U02^^)2(0^~)(N03~)]'^ at m/z 618 with D2O, as these ions differ only in whether 

they contain a CH30~ or a NOs" ligand (Figures 7.3c and d, Table 7.2). Interestingly, 

[(U02^^)2(0^~)(N03~)]^ adds three ligands after a 10 s reaction time, while 

[(U02^^)2(0^'")(CH30~)]'^ only accommodates two. DFT calculations indicate that NOs" 

can coordinate to uranyl in either a bidentate or monodentate configuration in gas-phase 

[(U02^^)(N03~)(H20)3]'^ complexes.A monodentate N03^ ligand in 

[(U02^^)2(0^~)(N03~)]^ could, in theory, act to stabilize the additional D2O or CD3OD 

ligand through hydrogen-bonding interactions, while steric hinderance may prevent D2O 

or CD3OD addition when CHsO" is present. In addition, [(U02^^)2(0^~)(N03 )]^ 

^ 2-|- 9 — , fragments less extensively than [(UO2 )2(0 )(CH30 )] upon reaction with D2O, 

indicating that it is the more stable ion (Figure 7.2e). One other major difference between 

these two ions is that [(U02^^)2(0^~)(CH30~)]^ undergoes a CH30~/0D~ replacement 
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reaction to form (U02^^)2(0^ )(0D ) at m/z 574. A similar replacement is not seen for 

[(U02'^)2(0'")(N03")]^ 

As mentioned above, fragmentation of certain selected ions occurs during reaction 

with D2O, indicating that these species are fragile. As a representative example, the full-

scale spectrum of [(U02^^)3(0^~)(N03~)3]'^ (m/z 1012) after reaction with D2O is shown 

in Figure 7.4. Characteristic ions appearing in all reaction spectra include UO^ at m/z 

254, U02^ at m/z 270, and [(U02^)(H20)]^ at m/z 288 or [(U02^^)(0H~)]"^ at m/z 287. 

[(U02^^)(U02^)(0^ )]'^ and [(U02^^)(U02^)(02^~)]^, which appear at m/z 556 and 572, 

respectively, are also seen in spectra obtained using sustained off resonance ionization 

(SORI)*. The ion [(U02^)3(0^ )]^ at m/z 826 is unique to the D2O reaction spectrum of 

[(1102^^)3(0^ )(N03~)3]^, and may be evidence for oxygen bridging between three U02^^ 

groups. However, [(U02'^)(U02^)(0'")]^ [(U02'^)(U02^)(02'")]^ and [(U02^)3(0'')]^ 

have also been detected using fast atom bombardment of inorganic and organic uranyl 

complexes'^^"^^^ and could result from rearrangements occurring upon fragmentation. 

Other ions in Figure 7.4 are due to addition of D' or and are assigned to 

[(U02^)D']^ (m/z 272) (not visible in spectrum), [(1102^)2(00")]"^ (m/z 558), and 

[(U02^)(U02^^)(02^~)D']'^ at m/z 574. The appearance of deuterium in these ions is 

*ln FTICR, ions trapped in the ICR cell are excited to a particular cyclotron radius using an RF sweep. 

During SORI, an ion packet is excited with an off-resonance RF signal and N2 gas is pulsed into the cell. 
When the cyclotron frequency and RF field are close in phase, the ions gain energy, resulting in an increase 

in their orbital radius. When the cyclotron frequency and RF frequency are out of phase by 180°, the orbital 

radius decreases. The orbital radius of the ion packet may increase and decrease hundreds of times a 

second. While the radius is increasing, collisions with N2 occur, adding to the ion's internal excitation 

energy, eventually causing the ion to fi-agment. In SORI, energy is added slowly and is randomized 

throughout the ions so that fragmentation is through low energy pathways. SORI CID is a 'gentle' 

fragmentation technique, useful for fragile ions. 
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9+ 
interesting, since it has been previously proposed that hydrated UO2 in solution 

abstracts a hydrogen atom from water during photolysis, ultimately forming and 

H^, along with an OH radical/^^ A similar solution reaction has been proposed with 

CHsOH.^^^ 

Reaction of U02^ with D2O and CD3OD 

Many ions discussed above react extensively with D2O. It is of interest, therefore, 

to examine reactions of the "naked" UOi^ cation with both D2O and CD3OD. UOi^ was 

generated by SORJ CID of [(U02^^)(CH30~)]^; during fragmentation, CH3O' is lost, 

leaving U02^. The corresponding spectra for reaction with D2O and CD3OD are shown in 

Figures 7.5a and b, respectively. Assignments are provided in Table 7.3. For both 

reactant gases, the reaction time used was 180 s, but the solvent gas pressures differed 

slightly (2.4 x 10"^ torr for D2O and 4.8 x 10"^ torr for CD3OD). Based on the observed 

total ion intensities of products, it is evident that U02^ reacts more readily with CD3OD 

than with D2O. When the reactant is D2O, a small amount of doubly-charged U02^^ (m/z 

135) appears in the spectrum (Figure 7.4a), but this ion is absent when CD3OD is used 

9-t-

(Figure 7.5b). The production of UO2 is likely due to charge stripping by D2O. 

Ions at m/z 378 and 414 in Figure 7.5b correspond to [(U02^)(CD30D)3] and 

[(U02^)(CD30D)4]; however, the corresponding D2O adducts are not observed in Figure 

7.5a. In addition to "conventional" methanol adducts, ions associated with the addition of 

CD3OCD3, presumably formed by radical reactions at the partial pressure of CD3OD used 

for these studies, are also observed. The most intense of these ions appears at m/z 446 
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Figure 7.5 Reaction of UOi^ generated by SORI CID of [(U02^^)(CH30 )]^ with a) 
D2O, b) CD3OD for 180 s. 
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Table 7.3 Assignments for positive ions resulting from the reaction of U02^ 
generated by SORI CID of [(U02^^)(CH30 )]^ with D2O and CD3OD. 

Nominalm/z 
Observed 

m/z 
Calculated 

m/z 
Assignment 

135 135.0215 135.0206 
270* 270.0406 270.0406 U02^ 

378 378.1950 378.1946 [(U02^)(CD30D)3]^ 
411 411.2263 411.2255 [(U02^^)(CD30")(CD30D)2(CD30H)]^ 
411 411.2593 411.2588 [(U02^)(D-)(CD30H)(CD30CD3)2]^ 

412 412.2333 412.2318 [(U02'^)(CD301(CD30D)3]^ 
412 412.2656 412.2651 [(U02^)(D-)(CD30D)(CD30CD3)2]^ 

413 413.2403 413.2396 [(U02^)(CD30D)3(CD30H)]^ 

414 414.2465 414.2459 [(U02^)(CD30D)4]^ 
446 446.3030 446.3023 [(U02^)(CD30D)2(CD30CD3)2]^ 
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and can be assigned to [(U02^)(CD30D)2(CD30CD3)2] . An expanded view of the region 

from m/z 411^14 is shown in Figure 7.6. A second CDsOCDs-containing ion at m/z 

412.2656 is assigned to [(U02^)(D')(CD30D)(CD30CD3)2] . The less intense ion at m/z 

412.2333 corresponds to [(U02^^)(CD30 )(CD30D)3]^.The ions at m/z 411.2263 and 

411.2593 are assigned to [(U02^^)(CD30~)(CD30D)2(CD30H)]'^ and 

[(U02^)(D')(CD30H)(CD30CD3)2]^, respectively. The ion at 413.2404 is assigned to 

[(U02^)(CD30D)3(CD30H)]^ 

Negative Ions Containing U02^^ and NOa" Generated During Electrospray 

Alkali and transition metal cations are known to form complexes with nitrate 

when an excess of NO3 is present in solution.^ Generally, these complexes are of 

the form [M"'^(N03)n+i]~, although the formation of oxo-nitrate products are also 

observed.^In a similar fashion, uranyl nitrate and oxo-nitrate gas-phase complexes are 

observed in the negative ion mode for electrospray ionization of methanol solutions of 

uranyl nitrate (Figure 7.7a, Table 7.4). These negative ion spectra were acquired from a 

solution 50 iJ,M in U02^^ and 100 |j,M in NOs" in a 95% CH30H/5% H2O (v/v) solvent 

system. An expanded view of the low mass region is shown in Figure 7.7b. Measured and 

calculated masses of the ions observed are given in Table 7.4. The spectra were acquired 

using a quadrupole operating frequency of 1820 kHz and a quadrupole trapping pulse 

length of 3.200 ms. Changing these parameters did not affect the species detected. 

The three most intense ions in Figure 7.7a appear at m/z 348, 410 and 456. The 

ion at m/z 456 is assigned to [(U02^^)(N03")3]~. This gas-phase ion is identical to the 
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Figure 7.6 Reaction of generated by SORI CID of [(U02^^)(CH30~)]Vith 
CD3OD; expansion of region from m/z 410-415. 
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Table 7.4 Assignments for negative ions resulting from electrospray of a solution 
containing 50 |a,M and 100 [xM NO3' (95% CH30H/5% H2O (v/v)).® 

Nominal Observed Calculat 
m/z m/z m/z 

102.5 102.5040 102.5028 
116 116.0081 116.0078 
136.6 136.6734 136.6704 
152 152.0017 152.0014 
174 174.0105 174.0117 
183 183.0163 183.0169 
205* 205.0056 205.0056 
228 228.0004 228.0020 
255 255.2316 
265 265.1469 
283 283.2633 
293 293.1783 
302 302.0301 302.0304 
303 303.0379 303.0383 
304 304.0445 304.0461 
317 317.0538 317.0539 
321 321.0043 

348 348.0217 348.0233 

364 364.0185 364.0183 
366 366.0340 366.0339 
367 367.0222 
367 367.0401 367.0417 

368 368.0468 368.0465 

382 382.9930 
394 394.0178 
410* 410.0112 410.0112 
411 411.0202 
412 412.0153 
413 413.0150 413.0147 
425 425.0361 
428 428.9866 
453 453.0317 
456 456.0022 456.0041 
507 507.0042 507.0013 

Assignment 

[(U02)(0'-)(N03")2r" 
[(U02)(0'-)(N03')]^" 
[(U02^)(02-)(N03")2]'" 
[(U02)(N03")3]'" 

[(U02")(02-)(N03")]'" 
[(U02^)(0H-)2(N03")]'" 

[(U02'")(0'-)(N03-)2]'" 
[(U02^)(N03~)3]'' 

[(UO20(O2'-)]- or [(U02")(0^-)2]" 
[(U02")(0-)(0H-)]-

[(U02^)(0H-)2]" 

[(U02^)(0-)(CH30-)]-

[(U02^)(0")(N03")]" or 
[(U02")(0-)(N03-)]-

[(U02'")(0n(N03")] Z-\ 

[(U02'^)(0H-)2(N03")]-

[(U02'^)(0H-)2(N03~)(H20)]-
[(U02'^)(0D-)2(N03")]" or 

[(U02^)(0-)(N03")(D20)]" or 
[(U02'")(0')(N03")(D20)] 

contaminant 

[(U02'")(0-)(N03-)2]" 

[{U02^\¥-)(N0f)2T 

[(U02'^)(N03")3]" 
r(U02'^)(N03")2(CF3C00-)r 

® * indicates ions used for calibration. 
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solution-based uranyl trinitrate complex, U02(N03)3~, known to form in ketones, ethers 

and alcoholic solvents; the solution stability of this complex decreases in the order ketone 

> ether > alcohol > water, which indicates a competition between solvent and NOs" for 

positions in the coordination sphere of Therefore, complexation by can 

easily occur during desolvation when coordinating solvent molecules are stripped away. 

In the crystal structure of RbU02CN03)3, each nitrate group chelates uranyl in a bidentate 

fashion, and the conformation around U(VI) is a hexagonal bipyramid^ The 

coordination of [(U02^^)(N03~)3]" in the gas phase is presumed to be similar. 

'y\ 
The ion at m/z 410 is assigned to [(UO2 )(0 )(N03 )2] ; its presence provides 

additional evidence that O may undergo oxidation to form O in gas-phase metal 0x0 

complexes.^Since the oxidation states of both uranyl and oxygen can vary, the ion at 

m/z 348 may be assigned either as [(U02^)(0~)(N03')]~ or [(U02^^)(0^~)(N03~)]~. Two 

ions of lower intensity appear at m/z 366 and m/z 507. The first is assigned to 

[(U02^^)(0H~)2(N03~)]~, while the second corresponds to [(U02^^)(N03~)2(CF3C00 )] . 

This latter ion is the result of reaction with residual trifluoroacetate contaminant in the 

source. 

The doubly, triply, and quadruply-charged versions of the singly-charged species 

described above are seen below m/z 250 (Figure 7.7b, Table 7.4). These ions mainly 

contain uranium in the U(V) and U(VI) oxidation states as a result of reduction reactions 

occurring during electrospray ionization in the negative ion mode. The appearance of the 

ions [(U02)(0^")(N03')2]^" (m/z 102.5), [(\J02)(0^~)(N0i)f' (m/z 116), and 

[(U02)(N03 )3]^ (m/z 152) is particularly interesting as they contain uranium in the 



301 

U(IV) oxidation state and indicate that both one and two electron additions to may 

occur during electrospray ionization. 

Product-ion spectra of the uranyl-nitrate complexes obtained using SORI are 

shown in Figures 7.8a-d. These fragmentation reactions follow a pattern similar to those 

described for transition metal nitrate complexes that involves loss of NO2, with the 

concomitant formation of an oxo-nitrate complex followed, by loss of NO3 and reduction 

of the metal:^ 

[(U02^^)(N03")3]" (m/z 456) ^ [(U02^^)(0")(N03~)2]" (m/z 410) + NO2 (7.1) 

[(U02^^)(0-)(N03")2]" -> [(U02^)(0")(N03 )]" (m/z 348) + NO3 (7.2) 

The stable [(U02^)(0~)(N03~)]~ ion cannot be further fragmented. 

SORI of [(U02^^)(0H~)2(N03~)]~ (m/z 366) results in a simple loss of H2O, 

forming [(U02^)(0~)(N03~)]~ or [(U02^^)(0^~)(N03~)]^ at m/z 348. In addition, a small 

peak at m/z 364 is attributed to the loss of two from [(U02^^)(0H )2(N03~)]~ with the 

formation of [(U02^^)(0~)2(N03~)]^ (Figure 7.8c). 

The similarity of the product ions obtained using SORI to the species observed in 

the full spectrum indicates that many of the ions observed in Figure 7.6a originate from 

fragmentation of [(U02^^)(N03~)3]~ and subsequent reactions occurring in the ESI source. 
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Figure 7.8 SORI CID spectra of ions generated using electrospray from a solution 
containing 50 jiM and 100 |aM NO3 in 95% CH30H/5% H2O 
(v/v). a) m/z 456, b) m/z 410, c) m/z 366, d) m/z 348. 
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Ion-Molecule Reactions with Negative Ions using D2O as a Reaction Partner 

D2O was used as a neutral reaction partner to compare the reaction chemistry of 

the anionic uranyl nitrate ions with the chemistry of the positive species discussed above. 

Representative spectra of the reaction region for the major ions in Figure 7.7a are 

collected in Figures 7.9a-e. Assignments and exact mass values are provided in Table 7.5. 

All spectra shown in Figures 7.9a-e were obtained through selection and reaction of the 

ion of interest with D2O for 10 or 180 s at 2.4 x 10'^ torr. 

Examination of the spectra in Figures 7.9a-e indicates that the negative uranyl 

nitrate-containing ions do not undergo the extensive series of reactions upon collision 

with D2O as observed with the cationic uranyl nitrate species. With the exception of 

[(U02^)(0~)(N03~)]'^ at m/z 348, D2O additions are not observed, indicating that these 

ions are coordinately saturated. 

Reaction of [(U02^^)(N03~)2(CF3C00")]^ at m/z 507 with D2O results in 

fragmentation. The appearance of [(U02^^)(0 )(N03 )2] (m/z 410) and 

[(U02^)(0~)(N03~)]~ (m/z 348) could in theory be explained as a result of sequential 

losses of CF3CO and NO3' from [(U02^^)(N03~)2(CF3C00~)]~. However, the appearance 

of [(U02^^)(N03~)3]~ (m/z 456) is difficult to explain through a fragmentation 

mechanism. It is possible that the ions were not cleanly isolated in these experiments. 

Alternatively, it may be proposed that [(U02^'^)(N03~)2(CF3C00~)]~ fragments with loss 

of CF3C00~ to the neutral species [(U02^^)(N03 )2] followed by reaction with NO3 to 

form [(U02^^)(N03")3] . 
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Table 7.5. Assignments for negative ions resulting from a solution containing 50 |a,M 
\J02 and 100 NO3' in 95% CH30H/5% H2O (v/v).® '' 

Nominal Observed Calculated 
Assignment 

m/z^ m/z m/z 
Assignment 

348 348.0231 348.0233 [(U02")(0-)(N03")]-

368 368.0465 368.0465 [(U02'^)(0D-)2(N03")]" 

410 410.0111 410.0112 [(U02'")(0-)(N03")2]" 

456* 456.0041 456.0041 [(U02'^)(N03")3]" 
507 507.0015 507.0013 [(U02'^)(N03")2(CF3C00")]" 

366 366.0326 366.0339 [(U02'^)(0H )2(N03 )]" 

367 367.0220 
[(U02'^)(0H")(0D-)(N03")]" 367 367.0393 367.0388 [(U02'^)(0H")(0D-)(N03")]" 

368* 368.0465 368.0465 [(U02'^)(0D-)2(N03")]" 

384 384.0750 384.0747 [(U02^)(0-)(N03")(CD30D)]-

410 410.0117 410.0112 [(U02'^)(0-)(N03")2]" 

456 456.0056 456.0041 [(U02'")(N03")3]" 

348 Not obs. 348.0233 [(U02^)(0-)(N03")]~ 

367 367.0411 367.0388 [(U02'^)(0H-)(0D-)(N03-)]-

368* 368.0465 368.0465 [(U02'^)(0D-)2(N03")]" 

384 384.0763 384.0747 [(U02^)(0")(N03")(CD30D)]-

^Reacted ions in bold. 
indicates ions used for calibration. 
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[(U02^^)CN03~)3] (m/z 456) and [(U02^^)(0^)(N03~)2]' (m/z 410) are also observed 

upon reaction of [(U02^^)(0H~)2(N03~)]~ with D2O (Figure 7.8d). Interestingly, these 

'recombination' reactions do not occur upon SORI excitation of the various ions (Figures 

7.7a-d). One additional ion that is observed in the spectrum shown in Figure 7.9a is an 

ion at m/z 368. This ion may result from simple addition of D20 to [(U02^)(0 )(N03 )] 

(m/z 348), giving formally [(U02^"^)(0D~)2(N03~)]~ (m/z 368). 

Neither [(U02^^)(N03")3]~ (m/z 456) nor [(U02^^)(0")(N03")2]~ (m/z 410) react 

with D2O at the pressure used for these experiments (Figures 7.9b and c). The 

[(U02^^)(N03~)3]^ ion, with its bidentate nitrate groups, is coordinately saturated and 

cannot accept a D2O ligand. [(U02^^)(0 )(N03 )2] most likely has a pentagonal 

bipyramidal conformation, with two bidentate nitrate groups and a single oxygen ligand. 

Gas-phase uranyl-containing ions with this type of conformation are known to be quite 

stable.Assuming bidentate coordination by nitrate, [(U02^ )(0H~)2(N03~)]~(m/z 366) 

presumably has a conformation in which there is coordination at only four equatorial sites 

yet the complex does not accept a D2O ligand but appears to undergo an H/D exchange 

reaction to form [(U02^^)(0D )2(N03~)]~ (m/z 368). As the 0H~ groups are not acidic, 

perhaps a more likely mechanism is exchange of D2O for H2O. In this case, a more 

correct representation of m/z 366 is [(U02^^)(0^~)(N03~)(H20)]~. Only 

[(U02^)(0~)(N03~)]~ (m/z 348) can accept a D2O ligand, forming 

[(U02^)(0~)(N03~)(D20)]~ at m/z 368. In the latter two cases, a small ion at m/z 384 

appears as a reaction product. This ion is tentatively assigned to 
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[(U02^)(0 )(N03 )(CD30D)] , and may be a result of trace amounts of CD3OD in the 

D2O reagent used for these reactions. 

Conclusions 

ESI ionization of uranyl nitrate solutions generates a wide variety of positively 

and negatively charged ions, including complex adducts of singly and doubly charged 

uranyl, methoxy and nitrate anions, as well as oxygen. In the positive ion mode, the ions 

detected are highly sensitive to instrumental tuning parameters, such as quadrupole 

operating frequency and trapping time. High-mass species detected are probably cluster 

ions formed in the hexapole region during trapping. These species are of varying stability 

and reactivity, with some undergoing extensive fragmentation upon collision with D2O 

and others not. 

The extent of coordinative unsaturation of both positive and negative ions can be 

determined using D2O and CD3OD as neutral reaction partners. Electron transfer 

reactions, presumably occurring during the electrospray process, can result in reduction 

of U(VI) to U(V) and U(IV). CID fragmentation processes are often coupled with 

electron transfer involving both the uranyl moiety and the oxygen ligand, if present. 

This simple uranyl nitrate system provides a wealth of both simple and complex 

ions and illustrates the complexity of the chemical reactions that can occur between 

injection of the uranyl-containing solution of interest into the ESI source and analysis in 

the ICR cell. Most, if not all, of the ions detected are not solution-phase species, but are 

generated during desolvation or during gas-phase reactions in the instrument. The utility 
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of FTICR, with its ultrahigh resolution and mass accuracy, lies in its use in the study of 

2~i" the gas-phase reaction chemistry of UO2 and its complexes. 
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CHAPTER 8 

CONCLUSIONS AND FUTURE DIRECTIONS 

Overview of Problem 

Activities related to nuclear weapons production have left a legacy of uranium 

contamination at sites associated with the nuclear weapons production complex. In 

addition, vast quantities of spent reactor fuel, as well as high-level, transuranic, and low-

level radioactive waste containing uranium are slated for geologic disposal, making 

imperative to have a detailed understanding of the geochemical behavior of uranium in 

the enviroimient. Once uranium enters the environment, its main mode of transport is in 

water. The mobility of uranium is controlled by its aqueous speciation and surface 

interactions, which are both influenced by the unique chemistry of each contaminated 

site. Understanding these complex interrelationships is important for understanding the 

factors affection uranium mobility in the environment as well as for the development of 

remediation strategies for contaminated sites. 

The environmental chemistry of uranium has been extensively studied in well-

defined laboratory systems, sometimes combined with geochemical modeling 

approaches, as well as under conditions mimicking those found environmentally. 

However, the complexity of uranium chemistry means that there are still many significant 

questions remaining to be answered. One area of current interest is how small organic 
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and inorganic ligands that occur naturally in soil and groundwater control the speciation 

and surface chemistry of uranium in the environment. A second area is the development 

of methods that can be used to distinguish specific uranium-containing molecular species 

at environmentally-relevant concentrations in solution. These two areas are the focus of 

the research described in this dissertation. Specifically, this work studied U(VI) chemical 

interactions with citric acid and model mineral oxide surfaces (AI2O3). In addition to 

these systems, the gas-phase chemistry of U(VI) was investigated to determine the 

feasibility of using electrospray ionization mass spectrometry to characterize U(VI) 

species in groundwater. 

Summary of Research 

2"t" Speciation and structural information on UO2 -citrate complexes is important for 

describing both adsorption phenomena affecting transport of uranium in soils and 

degradation pathways of these complexes. A detailed spectroscopic examination of the 

2_|_ pH-dependent behavior of the UO2 -citrate system in aqueous solution was completed 

using Raman, ATR-FTIR, and NMR spectroscopies, combined with ESI-MS. These 

spectroscopic techniques proved to be powerful tools in combination for elucidation of 

2_|_ the equilibrium distribution of UO2 -ligand complexes. Three structurally-distinct 

U02^^-citrate complexes, {(U02)2Cit2}^~, {(U02)3Cit3}^~, and (U02)3Cit2, were 

determined to exist in dynamic equilibrium over an environmentally-relevant pH range. 

These results indicate that citrate is important to the equilibrium distribution of 

U(V1) in aqueous solution at environmentally-relevant pH values. pH-induced structural 
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changes can now be used to explain previously-observed phenomena such as the pH-

8 1 8 2  8 ^ 8 4  dependence of UO2 -citrate complex biodegradation ' and photodegradation, ' 

both of which are processes under investigation for the remediation of uranium in soils.^'' 

8.2,8.4,8.5 

2_|_ The adsorption behavior of UO2 on AI2O3 in the presence of citrate was 

investigated using ATR-FTIR spectroscopy. Spectral results indicate that UOi^^-citrate 

complexes adsorb strongly to AI2O3, forming surface complexes that are distinct from the 

solution species that are present. In addition, Al203-citrate interactions are stronger than 

those of citrate with U02^ , resulting in structural transformation of the U02^^-citrate 

complexes upon adsorption. The results also suggests that adsorbed UO2 is present in 

more than one coordination environment. Loss of the citrate hydroxyl group from the 

U02^^ coordination sphere allows hydrolysis of U02^^ to occur; therefore, surface-

associated U02^^ may exist as part of a ternary U02^^-citrate-Al203 surface complex, as a 

binary U02^^-Al203 surface complex, and/or be simply associated with the surface as a 

precipitated colloidal material. 

Citric acid has been used as a lixiviant to extract uranium from uranium-

8 6 • • * • contaminated soils with some success. The uranium extraction efficiency is a result of 

the formation of the strong complexes with citrate, discussed in Chapter 3 of this 

dissertation. However, the results of the studies discussed in Chapter 5 show that 

adsorption of these U02^-citrate complexes may also be significant. Adsorption of the 

U02^^-citrate complexes removes U02^^ from solution and sequesters it at the oxide 

surface; the nature of this complex may affect uranium extraction efficiency. 
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The ability to generate U(VI)-containing ions makes ESI-MS a promising 

technique for investigations into U(VI) speciation behavior in the aqueous-phase as well 

as its gas-phase reactivity with solvent, both important for understanding the species-

dependent behavior of U(VI) in the environment, in nuclear fuel processing and in 

complex radioactive waste mixtures. In this dissertation, an investigation of the gas-phase 

chemistry of organic and inorganic complexes of U(VI) was begun with the view of 

determining the feasibility of using ESI-MS to characterize U(VI) species in 

groundwater. ESI-MS was successfully used for speciation of the uranyl-citrate 

complexes, but is not a suitable technique for labile species such as the uranyl carbonate 

2_|_ complexes. The gas-phase behavior of UO2 was also investigated using both an ion trap 

instrument and an FTICR instrument. UO2 forms gas-phase complexes with small 

ligands such as acetate, trifluoroacetate, and nitrate, as well as with the neutral molecules 

CH3OH, CH3CN, NH3 and H2O. The number of solvent ligands acquired is directly 

related to the number of available coordination sites on UO2 in a particular complex, 

providing some insight into the coordination environment of UO2 . 

Future Work 

Solution Speciation of Uranyl-Containing Complexes 

The most pressing problem in speciation studies of uranium and other metals is 

the lack of non-invasive analytical methods for the direct determination of molecular 

species at concentrations in the micromolar to nanomolar range, concentrations typically 

found in the environment. Laser-induced fluorescence spectroscopy is one technique that 
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may be useful in future investigations of U(VI) solution speciation, as the fluorescence 

decay rate of the emission spectra depends on the ligands present in the coordination 

sphere of U(VI). Fluorescence quenching can be a problem for certain ligands, such as 

the hydroxycarboxylic acids.Generally, however, laser-induced fluorescence 

spectroscopy is sufficiently sensitive to probe uranium speciation at nanomolar 

concentration levels. 

The Raman waveguide technique discussed in Appendix 1 is another method that 

may become useful in speciation studies, if further developed and the signal-to-noise 

2"l" ratio improved. In its current state, this method can be used to detect UO2 in solutions 

containing -100 |a,M at pH 3.5; in this pH range, {U02(H20)5}^^ exhibits a sharp 

Vs(U02) mode at 870 cm~\ However, greater sensitivity is required for solutions in which 

several uranyl-containing species are present. 

Surface Speciation of Adsorbed Uranyl-Containing Species 

Laser-induced fluorescence spectroscopy may also be useful in clarifying the 

surface environment of UO2 adsorbed from solution as a UO2 -citrate complex. 

Although the fluorescence signal is quenched by the citrate ligand, laser-induced 

fluorescence spectroscopy could be used to determine if loss of the citrate hydroxyl group 

from the coordination sphere does indeed occur, allowing hydrolysis of U02^^. 

The number of unique hydrolyzed surface complexes could also be determined using this 

technique. In fact, laser-induced fluorescence spectroscopy would be extremely useful in 

2+ • • • 

Einy further research involving adsorption of UO2 -contaming species. 
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Gas-phase Chemistry ofU02^ 

FTICR mass spectrometry, combined with the pulse-leak configuration 

8 8 incorporated by Kristin Hermann, offers a powerful way to study gas-phase association 

reactions and ligand exchange reactions of small, volatile solvent molecules with U02^^. 

In addition, rate constants could be obtained for many of these reactions, and effect of 

coordinating ligand on rates of solvent association reactions determined. Many of the 

reactions discussed in Chapter 6 could be clarified using this technique. It should also be 

2_|_ possible to generate the bare UO2 ion using SORI CID, and thus, to examine solvent 

association reactions occurring in the absence of coordinating ligand. 
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APPENDIX A 

DEVELOPMENT OF A RAMAN WAVEGUIDE TECHNIQUE FOR THE 

DETERMINATION OF URANIUM SPECIATION IN NATURAL WATERS 

Introduction 

Historical uranium mining activities in and around the Navajo Reservation on the 

Colorado Plateau have resulted in a number of uranium mine and processing sites 

throughout the Reservation area. Uranium has both a radiological and chemical 

carcinogenic effect, and exposure of the Navajo population to uranium through 

environmental pathways is in part thought to be responsible for enhanced incidence of 

cancer in the Navajo people.'^The environmental chemistry of uranium is complex, 

as it forms a variety of inorganic and organic complexes of variable solubilities and 

reactivities. The forms of uranium present on the Navajo Reservation will be a result of 

the chemical transformations undergone by the mined species during weathering, 

leaching, transport through the vadose zone, and as a result of reactions occurring in the 

groundwater. Data on elemental uranium concentrations in groundwater throughout the 

Navajo Reservation have been collected;^^' ^ However, while these data are useful in 

determining areas of groundwater contamination, information as to the specific uranium 

complexes that determine bioavailability, carcinogenicity, and mobility of uranium is 

lacking. 



No established methods currently exist for the direct determination of the 

chemical form of uranium at the concentrations present in groundwater on and near the 

Navajo Reservation. Therefore, new methods have to be developed or existing methods 

adapted. This appendix describes the development and evaluation of the liquid core 

Raman waveguide that can be used to determine uranium speciation in uranium-

contaminated groundwaters on the Navajo Reservation. 

Liquid-Core Raman Waveguide 

In Chapter 3, the use of Raman spectroscopy to examine the speciation of 

uranium at relatively high concentrations is described. Although Raman spectroscopy 

provides valuable information on the coordination and speciation of uranyl complexes in 

solution, the weakness of the Raman scattering effect precludes its use for speciation of 

uranium-containing groundwaters. This section describes the preliminary use of a liquid-

core Raman waveguide technique which should provide increased sensitivity, allowing 

the use of Raman spectroscopy to examine the uranium speciation at lower uranium 

concentrations. 

The liquid core Raman waveguides is essentially small-diameter tubing made of 

Teflon AF2400 capable of conducting light through a liquid core by total internal 

reflection. Because the waveguide also confines the excitation radiation and efficiently 

collects light emitted by the sample over a long distance, it can provide large sensitivity 

enhancements and improvements in signal-to-noise ratio over conventional sampling 

techniques.The initial approach developed here utilized a liquid-core Raman 
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waveguide based on an existing model,and its use for the detection of low 

concentrations of uranium in aqueous solution. 

A schematic representation of the experimental setup is shown in Figure A.l. The 

waveguide consists of two termination heads (Ti, T2) connected by a 1 meter length of 

Teflon AF2400 tubing of 250 |j,m i.d. and 500 |j,m o.d. Light with a wavelength of 532.06 

nm from a Coherent Verdi Nd:YV04 laser is focused by lens LI (f.l. 100 mm) into one 

end of the hollow-core waveguide tubing fixed inside the termination head Tl. Raman 

scattered light is collected in the forward mode from termination head T2 using a Minolta 

f/1.2 camera lens, and focused on the entrance slit of a Spex 1877 Triplemate 

Spectrograph equipped with 600 gr/mm in the filter stage and a 1200 gr/mm grating in 

the spectrograph stage. The entrance slit of the spectrometer was set at 0.5 mm, the slit at 

the filter stage was 7.0 mm, and the slit to the spectrograph stage was 50 [xm for a 

spectral bandpass of 2.5 cm"'. The detector in these experiments was a Princeton 

Instruments charge-coupled device (CCD) system based on a RTE-1100-PB CCD of 

pixel format 1100 x 330, cooled by liquid Ni to -90 ° C. 

Figure A.2 illustrates the signal enhancement possible when using the Raman 

waveguide. Figures A.2a and b are Raman spectra of 1.3 and 130 mM solutions of 

isopropyl alcohol in water acquired in sealed NMR tubes ~ 4 mm in diameter. Figures 

A.2c and d are of the same solutions acquired in a Raman waveguide of ~ 1 m in length. 

Both sets of spectra are the result of 15 min integrations. Laser power at the samples was 

190 mW for the NMR tubes and 270 mW at Tl for the Raman waveguide. The water 

Raman spectrum was subtracted from all spectra. The v(C-C-0)ip mode of isopropyl 
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Figure A.l Raman waveguide. Adapted from Reference a) Schematic 
representation of the Raman waveguide setup; LI = lens, 
T1 = termination head, b) termination head design. 
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Figure A.2 Raman spectra of isopropyl alcohol (IPA) in water, a) 1.3 mM IPA in 
NMR tube, b) 130 mM IPA in NMR tubes, c) 1.3 mM IPA in waveguide, 
d) 130 mM in waveguide. Raman waveguide is ~ 1 m in length. Both sets 
of spectra are the result of 15 min integrations. Laser power at the samples 
was 190 mW for the NMR tubes and 270 mW at T1 for the Raman 
waveguide. The water Raman spectrum was subtracted from all spectra. 
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alcohol which occurs at 816 cm ^ can be used to compare the resulting spectra. Raman 

signal intensities from the spectra collected using the waveguide are improved by a factor 

of - 100 relative to the spectra acquired from NMR tubes, while the signal-to-noise ratio 

is improved bya factor of ~5 times. The fused silica windows of the termination heads 

contribute the peak at -443 cm^^ in Figures A.2c and d, to the spectrum. Other modes are 

associated with isopropyl alcohol. 

The Raman signal intensity is affected by scattering losses due to imperfections in 

the tubing and to tiny air bubbles on the inside surface of the tubing. In these 

experiments, -31% of the exciting laser light was transmitted through the Raman 

waveguide tubing, as measured by power readings at T1 and T2. In another study, the 

transmittance of a 1 m long capillary of 50 [xM i.d. was 20%, and a 1.21 m long 50 uM 

capillary transmitted 43% of the input laser light.'^^ Great care must be taken when 

handling the tubing, as even tiny nicks or defects affect transmission efficiency. Air 

bubbles must be carefully purged from the tubing as well. 

Figures A.3a and b show spectra of a pD - 4 solution 100 |a,M in U02(N03)2 

dissolved in D2O acquired in the Ramein waveguide under approximately the same 

conditions as described above. Figure A.3a shows the raw spectrum. Raman bands at 831 

and 713 cm"' are due to the Teflon-AF tubing,'^^ as is the broad fluorescence 

background.'^^ Upon first use of the tubing as a waveguide, the fluorescence background 

was much greater, but the signal decreased after repeated use. 

Raman bands at 1047 and 870 cm ' are due to VsCNOa) and Vs(U02), respectively. 

The bands at 756 and 504 cm"' remain unassigned. In Figure A.3b, the Raman spectrum 
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Figure A.3 Raman spectra of a pD ~ 4 solution 100 i^M in U02(N03)2 dissolved in 
D2O acquired in the Raman waveguide, a) Raw spectrum, b) spectrum 
after D2O background subtracted. 
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of D2O has been subtracted. The fluorescence background and the modes due to the 

Teflon-AF tubing are, for the most part, removed through the subtraction process. 

However, the complete removal of the 5(0D) mode of D2O at 1204 cm"' is difficult to 

attain and obscures that region of the spectrum. Additionally, in Figure A.3b interference 

fringes are clearly visible below -600 cm ' and in the region around 1000 cm '. These 

interference fringes affect the entire spectrum and are due to light reflected from the 

fused silica windows of the termination heads. The signal-to-noise ratio in the spectra 

taken using the Raman waveguide is strongly affected by these interference fringes. 

However, the presence of these fringes can easily be corrected through the use of wedge-

shaped windows in the termination heads. 

The Raman waveguide offers promise as a method for the analysis of low 

concentrations of uranyl-containing species in aqueous solution. The signal-to-noise ratio 

can be improved through removal of the interference fringes, and the signal enhancement 

increased by use of defect-free Teflon-AF tubing. Increased signal averaging may also 

serve to reduce the signal-to-noise level. 
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