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to electrons in matter and would there-

fore race through a material until they

collide with other nuclei. These neu-

trons could then induce similar

reactions, again followed by neutron

multiplication. The same process would

continue with more and more reactions.

If two neutrons were emitted, one reac-

tion would be followed by two, which

would be followed by four, then eight,

sixteen, thirty-two, sixty-four, and so

on. The number of reactions would 

increase geometrically, as would the

total energy released. A self-sustaining

chain reaction would be established, 

resulting in an enormous release of 

nuclear energy (see Figure 2). If the

neutrons were fast, each generation of

the chain reaction would occur in a

short time, and there would be many

generations before the energy liberated

by the process blew the material apart.

A massive explosion would occur with

a force millions of times greater than

anything man had previously unleashed. 

Harnessing nuclear energy was

therefore inextricably linked to creating

a nuclear bomb, and Szilard accepted

this woeful connection as he began

looking for elements that could act as

neutron multipliers when bombarded by

neutrons. He thought that beryllium, for

example, might emit two neutrons when

it absorbed one. Szilard also realized

that neutrons had to induce neutron-

multiplying reactions before diffusing

out of the material. Along those lines,

Szilard introduced the concept of criti-

cal mass (of still unknown elements), 

or the minimum amount of material

needed to sustain a chain reaction. 

Although Rutherford had stated that 

energy could not possibly be released

from atomic nuclei, by 1934 Szilard

had filed a patent on this subject. 

Nuclear Transmutations

Before Szilard began thinking about

chain reactions, nuclear transmutations

had been achieved but were initially

thought to produce stable nuclei like

the oxygen-17 of Reaction (1). In fur-

ther studies, positrons were observed

after light elements such as boron, alu-

minum, or magnesium had been

bombarded with !-particles. Positrons

(e+) are the antimatter counterparts of

electrons. They are positively charged

and have a mass equal to that of the

electron. Frederic Joliot and Irène Curie

observed that positron emission contin-

ued after !-ray irradiation had been

stopped. Furthermore, the number of

emitted positrons decreased exponen-

tially with time. The positron signal

was therefore similar to what would be

expected from the decay of a radioac-

tive element. 

Using a chemical precipitation

method, Joliot and Curie separated the

source of this persistent positron emis-

sion from an irradiated aluminum target

and showed that the source was an 

unstable isotope of phosphorus that

subsequently decayed into silicon-30 by

positron emission: 

(2)

(3)

Joliot and Curie had thus discovered

artificial radioactivity (1934). Whereas

30P        30Si  +  e+  +  "  .
15 14

27Al  +  4He       30P  +  n  , and
13 2 15
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(a) Absorption of only one neutron per nuclear reaction leads to sustainable nuclear power.

Neutron
absorbed

Neutrons emitted,
energy released

(b) Absorption of more than one neutron
per nuclear reaction can lead to an exponentially
increasing number of nuclear reactions
and a powerful explosion.

Figure 2. A Nuclear Chain Reaction 

Leo Szilard realized that a self-sustaining chain reaction could occur if absorption of

one neutron causes a nucleus to emit several others. Each reac-

tion releases energy, and the amount of energy released per unit

time depends on the rate at which emitted neutrons are reab-

sorbed, inducing more reactions. (a) If one neutron is reabsorbed

per reaction on average, the chain proceeds in a linear fashion.

This is the concept of a nuclear reactor, wherein the number of

neutrons is purposely limited to keep the chain reaction under

control. (b) If more than one neutron is reabsorbed, on average,

the number of nuclear reactions increases geometrically. Without

controls, the chain can grow so quickly and release so much 

energy that a massive explosion occurs.

Leo Szilard
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Strict Control on Civilian Plutonium Is Imperative 

In 1970, 170 nations implemented the Nonproliferation Treaty (NPT), a nuclear

agreement that no nation beyond the five original nuclear powers would acquire 

nuclear weapons. In return, access to civilian nuclear technology would be granted

to all nations, which would have to comply with IAEA monitoring of international

safeguards. The original five states agreed to negotiate in good faith to disarm their

nuclear arsenals. In 1995, this treaty was extended indefinitely by 185 nations, 

with the notable exception of states such as India, Pakistan, and Israel. Controversy

is still alive about best ways to control the proliferation risk inherent in the com-

mercial nuclear fuel cycle. How well it is resolved will to a large extent determine

the future of commercial nuclear power. 

What are the risks and what safeguards are in place in the commercial nuclear-

power industry? The enriched fuel used in most commercial power reactors—

containing 3 to 4 percent uranium-235—presents no proliferation danger. According

to the IAEA, only fuel that has been enriched in uranium-235 to greater than 

20 percent is weapons usable. Naval-reactor and research-reactor fuels are often 

enriched to much more than 20 percent uranium-235—mostly to achieve compact-

ness. Unused fresh fuel intended for such reactors is therefore at risk from diversion

for military purposes. However, diluting HEU with uranium-238, which is abun-

dantly present in nature, is an easy remedy for rendering HEU unsuitable for

weapons. Moreover, the blended material can be used as commercial-reactor fuel.

However, we must continue to monitor the proliferation risk posed by advanced,

more-compact enrichment technologies that could reverse the benefits of blending

or that could more easily enrich natural uranium. 

Plutonium is produced by the transmutation of uranium-238 in power reactors. 

It is therefore intimately interspersed with uranium and fission products. The fuel

rods in power reactors are “burned” to a greater extent than those in plutonium pro-

duction reactors, so they contain a significantly larger fraction of the higher isotopes

of plutonium. For example, weapons-grade plutonium is typically greater than 

93 percent plutonium-239, whereas reactor-grade plutonium contains as little as 

60 percent plutonium-239 (with as much as 25 percent plutonium-240). For many

years, the hope had been that the isotopic mixtures of reactor-grade plutonium

would prove to be unattractive for weapons use. However, it is now widely recog-
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In 1977, the open fuel cycle was 

the standard chosen for commercial 

nuclear-power reactors in the United

States. Less than 2% of the energy 

content of the uranium fuel is extracted

during one reactor cycle. The spent fuel, 

together with the fission products, 

is disposed of geologically. 
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natural radioactivity had been observed

in many of the heaviest elements (from

thallium to uranium), artificially 

induced nuclear transmutations could

now create new nuclei across the peri-

odic table. Furthermore, Joliot-Curie

had rigorously proved their result by

chemically isolating their product. 

In this way, they established a prece-

dent for identifying transmuted nuclei. 

Spurred on by these remarkable

events, several groups pursued using

neutrons, rather than charged particles,

to induce nuclear transmutations. 

The idea was given its greatest impetus

in Rome, under Fermi’s leadership. 

Beginning in early 1934, Fermi and his

collaborators carried out a systematic

study of nearly every element in 

the periodic table. Stable elements

would be bombarded with neutrons,

and Fermi would measure the activity,

that is, the intensity of the radiation 

induced in the irradiated sample. 

A major step forward occurred when

Fermi and colleagues accidentally 

discovered that the activity increased

dramatically when the incident neutrons

were slowed down. Neutrons lose 

energy when they scatter from hydro-

gen or other light elements, and the 

insertion of paraffin (which contains

lots of hydrogen atoms) between a neu-

tron source and the irradiated sample

was sufficient to slow the neutrons

down. Even neutrons that had slowed

down to room temperature—so-called

thermal neutrons with energies of only

a fraction of an electron volt (eV)—

would lead to a high activity. 

The enhanced activity, an indication

that many unstable nuclei were being

created, was the result of neutron-

radiative capture. A slow neutron can

be absorbed by a target nucleus to form

a relatively long-lived intermediate state

known as the compound nucleus. (The

compound nucleus model was proposed

by Niels Bohr in 1936.) The binding

energy of the absorbed neutron is con-

verted into excitation energy of the

compound nucleus, which quickly de-

cays by !-ray emission to its ground

state (or sometimes to an isomeric

state). The newly created nucleus—an

isotope one mass unit higher than the

target nucleus—can be unstable, in

which case it decays after a characteris-

tic half-life by emitting either "-parti-

cles ("-decay) or #-particles (#-decay). 

When neutron absorption is followed

by #-decay, a neutron (or a proton) in

the unstable nucleus transforms into a

proton (neutron), creating a #-particle

and a type of neutrino. If a neutron

transforms, the #-particle is an electron

and the neutrino an electron antineutrino,

both of which flee the nucleus. The

newly created proton remains in the 

nucleus, so that a new element—one

atomic number higher but with the same

mass number—is created. Neutron bom-

bardment could therefore be used to

produce transuranic elements. As seen 

in Figure 3, neutron irradiation of 

uranium-238 would create uranium-239,

which was expected to #-decay to ele-

ment X-239 with atomic number Z = 93. 

Confident that he would produce 

the first transuranic element, Fermi

tried his neutron source on uranium.

But while he observed #-activity to

come from the sample, direct confirma-

tion of a new element escaped him. The

chemistry of transuranic elements was

not known at that time, and separation

of #-emitters from irradiated samples

From Alchemy to Atoms
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Figure 3. Creating Transuranic Elements

Enrico Fermi discovered that irradiating elements with low-energy (slow) neutrons greatly 

increased the probability of neutron capture. Often, the result was the creation of an unstable nucleus

that would radioactively decay. If uranium-238 captured a slow neutron, it would become the com-

pound nucleus uranium-239* (an excited state of uranium-239), which would cool down to the ground

state by emitting !-rays. It was expected that uranium-239 would then undergo #-decay, wherein a

neutron in uranium-239 decays into a proton, an electron, and an electron antineutrino, thus creating

the first transuranic element, X-239, with atomic number Z = 93.

Neutron-radiative capture (10–16 s) Beta decay (23 min)
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from plutonium-239 move at a speed of

about 1.5 ! 107 meters per second

(5 percent of the speed of light). Because

of their relatively low speed and their

double charge, the alpha particles travel

only a short distance, depositing their 

energy by ionization—they collide with

molecules, break those molecules apart

through electrical forces, and leave a trail

of ion pairs in their wake. 

The density of the ion pairs is 

essentially the same for most of the 

distance covered by the alphas but then

increases sharply for an instant, as 

the particles seemingly “stumble” and

dump—all at once—what is left of their

energy. As shown in Figure 1(a), their

travel has come to a halt. It has been

much like the journey of a person run-

ning through sand—at first the run is

smooth, progress then turns awkward,

and the stop comes with a stumble. 

In air, alphas travel only 3 to 5 cen-

timeters and in living tissue only about

30 micrometers (which is equal to 3 to

5 cell diameters) before they expend

their energy and come to rest. The lat-

ter distance is less than the thinnest part

of the epidermis (the dead layer of 

external skin cells). It is also less than

the thickness of a standard piece of

paper (about 100 micrometers). Fortu-

nately, therefore, the penetration power

of alpha particles is limited. A mere

sheet of paper or the outer layers of our 

skin will block their passage—see 

Figure 1(b). To be harmful, alpha emit-

ters have to be inside the body, but

there are other types of radiation—

x-rays, gamma rays, and beta parti-

cles—that are harmful by hitting the

body from the outside. They deposit

their energies by ionization as well. 

The amount of energy for external radia-

tion depends on the particle. Energy

ranges for x-rays vary from less than

30 kilo-electron-volts (keV) to 25 MeV;

for gamma rays, from 1 keV to 10 MeV;

and for beta particles, from 1 keV to

2 MeV. Unlike alpha particles, x-rays,

gammas, and betas generally travel far-

ther and leave a less-dense track of ion

pairs in their wake. For all types of ion-

izing radiation, the effects depend on

the dose. High radiation doses usually

manifest their effects soon after a per-

son has been exposed. These effects are 

deterministic, or predictable, and their

severity increases with dose. External

radiation may cause skin burns, a tem-

porary decrease in the number of blood

cells, cataracts,2 and even death—only

a few possible health effects triggered

by the severe dysfunction or death of

large numbers of cells. 

If enough cells are involved, tis-

sues may be affected or entire organs

may be impaired. Early symptoms of

acute external-radiation doses are 

fatigue, nausea, and vomiting. Radia-

tion primarily affects systems that 

contain rapidly dividing cells, such as

the blood-forming system (whose cells

originate from the bone marrow) or 

the gastrointestinal system (the cells

that line the small intestine). It also 

affects the central nervous system. For

example, bone-marrow stem cells can

die when they are irradiated. Their

death diminishes or stops the resupply

of circulating red and white blood cells

and other blood constituents. After

about three weeks, the reduction in

blood cell supply leads to immune 

deficiencies, infections, fever, bleeding,

and even death unless the bone marrow

starts to regenerate.

At lower doses, acute radiation 

effects become less noticeable, and

below certain levels of exposure, 

effects cannot be predicted. It is at

these low levels of exposure that sto-

chastic, or probabilistic, effects become

apparent. Cancer is best known among

them. Ionizing radiation of any kind

can lead to alterations of a living cell’s

genetic makeup, and sometimes those

alterations trigger the uncontrolled

growth and multiplication of that cell’s

progeny, more commonly known as

cancer. Stochastic effects occur 

randomly and are assumed to have 

no threshold dose. Their probability 

increases with dose. Their severity,

however, does not. Moreover, there is 
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Figure 1. Emitters of "-Particles

(a) The density of the ion pairs created

as the alphas pass through a substance

or through air is essentially the same 

for most of the distance covered by the

alphas but then increases sharply as 

the particles dump, all at once, what is

left of their energy. (b) Emitted with an

energy of about 5 MeV, plutonium 

"-particles travel in air 3 to 5 cm and in 

living tissue about 30 µm before they 

expend their energy and come to rest. 

A mere sheet of paper (typically about

100 µm thick) or the outer layers of 

intact skin will block their passage.

Therefore, when plutonium (or any 

other "-emitter) is external to the body, 

it is not a health hazard.

2 Cataracts are densities that form within the eye
lens and do not allow the light to penetrate.

Alexander Litvinenko: 210Po poisoning
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The tuff itself provides desirable containment characteristics, and the fracture

zones in this area contain zeolites and other minerals that have a high sorption

affinity for most of the actinides. Based on extensive field data and state-of-the-art

modeling of worst-case scenarios, researchers have predicted that the waste would

take at least 10,000 years to migrate to the water table (saturated zone). This pre-

diction is consistent with experience at the nearby Nevada Test Site, which indi-

cates that the mobility of radionuclides is generally very small—that is, for 

the most part, the actinides injected into underground test holes from nuclear 

explosions have remained close to where they were deposited. However, recent

experiments found one exception, whereby transport of plutonium was most likely

enhanced by its tendency to bind and hitch rides with natural colloids. Ongoing

scientific studies of the Yucca Mountain Site will help determine whether this site

will be licensed to accept nuclear waste by 2010.  

Located near Carlsbad, New Mexico, WIPP was authorized in Congress in

1979 to store transuranic waste generated principally during nuclear weapons pro-

duction. WIPP is a mined geologic repository located in the 600-meter thick Sala-

do Formation of marine-bedded salt. The bedded salts consist of thick halite

(NaCl) and interbeds of minerals such as clays and anhydrites of the late Permian

period (about 225 million years ago) that do not support flowing water. Salt for-

mations have a very low water content and impermeability characteristics that 

reduce the potential for groundwater radionuclide migration. WIPP is designed to

take advantage of natural geologic barriers and imposed chemical controls to 

ensure that waste radionuclides do not migrate to the accessible environment. 

It was licensed to receive waste in 1998 and received its first shipment in 1999. 

Environmental Pathways and Human Health

Some observed health effects from environmental releases of the relatively

short-lived fission products have already been mentioned. Here, the discussion

will be limited to plutonium and the actinides because they present the greatest

long-term concern. To adversely affect human health, plutonium and the other 

Potential repository
and engineered
barrier system

Infiltration

 Flow of groundwater

Unsaturated
rock (~600 m)

Saturated
rock 

(a) This cross section of Yucca Mountain

shows the potential high-level waste

repository at 200 m above the water

table in unsaturated volcanic rock. 

(b) Los Alamos computer simulations of

actinide migration show that, should the

engineered containment fail and water

infiltrate the repository, it would take

over 10,000 years for the most mobile

actinides to reach the water table. 

(c) Fluorescent tracers are injected into

the rock matrix at Yucca Mountain to

track water movements through the rock.

Results from these field tests are used

to calibrate theoretical models of poten-

tial radionuclide migration. (See the arti-

cle “Yucca Mountain” on page 464.) 

(a)

(b)

(c)
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actinides must find a pathway into the human body through air, water, or land.

Airborne plutonium constitutes the most immediate threat because the pathway to

humans is directly by inhalation. Plutonium released into land or water undergoes

numerous reactions with chemicals and minerals that retard its migration along the

path to human uptake. Because actinide solubilities are low in most natural 

waters—below micromolar concentrations—and sorption to many minerals is high,

solubility and sorption of actinides pose two key natural barriers to actinide trans-

port in the environment. Less-studied microorganisms represent a potential third

barrier because plutonium binds with such organisms and their metabolic byprod-

ucts. Uptake of actinides into most plants is also very limited—plants typically

take up only one ten-thousandth of the plutonium concentration present in soil. 

The body itself provides some additional protection. Only about 5 to 25 percent

of inhaled plutonium particles are retained, and depending on their size and chemi-

cal form, they will either remain lodged in the lung or lymph system or be 

absorbed by the blood and delivered to the liver or bones (the smaller the 

plutonium particles, the higher the risk of being retained). In adults, only about

0.05 percent of ingested plutonium in soluble compounds (and 0.001 percent in 

insoluble compounds) enters the blood stream; the rest passes through the body.

However, absorption through skin cuts, a danger mainly for plutonium workers, 

is a serious risk because it can result in complete plutonium retention in the body. 

Very high doses of ionizing radiation are harmful—in fact, doses of 3 to 5 siev-

erts delivered in one hour are lethal to humans. Lethal doses can be delivered by

criticality accidents, in which quantities of fissile plutonium or enriched uranium

accidentally assemble into a critical mass. Almost instantly, a fission chain reac-

tion in the material produces very intense fluxes of penetrating neutron and gamma

radiation that will rapidly lead to death. Exposure to unshielded spent fuel or high-

level waste can also produce lethal doses. 

Being an alpha emitter, plutonium must enter the body to deliver a radiation

dose. Animal studies indicate that inhaling 20 milligrams of respirable plutonium

particles (less than 3 micrometers in diameter) could cause death within a month

from pulmonary fibrosis or pulmonary edema. Ingestion of 0.5 gram of plutonium

could deliver an acutely lethal dose to the gastrointestinal tract. No one has ever

come close to taking up such amounts of plutonium, and no humans have ever

died from acute toxicity due to plutonium uptake. 

If plutonium is inhaled, it deposits preferentially in the lung, liver, or bones and

becomes an internal radiation source. All ionizing radiation can alter a living cell’s

genetic makeup. That alteration, in turn, has some probability of either being 

repaired, killing the cell, or triggering uncontrolled cell growth and cell multiplica-

tion, leading to cancer. Consequently, the plutonium exposure standards for radia-

tion workers and for the public were set conservatively on the basis of a linear 
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The Waste Isolation Pilot Plant (WIPP) 

located in southern New Mexico has been

receiving TRU and low-level waste since

1999. The U.S. Environmental Protection

Agency oversees WIPP to ensure that it

continues to protect human health and

the environment.

The cartoon below depicts the geochemi-

cal factors that would accelerate and 

retard migration of radioactive wastes

dissolving from a breached underground

waste canister near a water-filled rock

fracture. Sorption onto colloids and com-

plexation with various ligand species

would increase mobility, whereas sorp-

tion to minerals that coat the fracture 

and diffusion into the rock matrix would

retard migration.
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Reduction-Oxidation (Redox) 
Electrochemistry Primer

H2(g) + F2(g) → 2 H F → 2H+(aq) + 2F−(aq)

2 H+(aq) + 2e− → H2(g) 0 V

Na+(aq) + e− → Na(s) -2.71 V

F2(g) + 2e− → 2 F−(aq) 2.87 V

half-reactions reducingoxidizing
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(b) The equations governing the redox reactions for plutonium ions under acidic conditions are

2Pu4+ +  2H2O     Pu3+ +   PuO2
+ +  4H+ (1) 

Pu4+ +  PuO2
+ Pu3+ +   PuO2

2+ (2) 

2PuO2
+ +  4H+ Pu4+ +   PuO2

2+ +  2H2O      (3) 

Note that only two of these reactions are independent, as Equation (3) can be derived from Equations (1) and (2). The redox 

potentials in 1 M perchlorate solutions have been determined with high precision, and they can be used in calculating the 

equilibrium constants of these reactions as a function of pH if hydrolysis of Pu(IV) is taken into account. Because the hydrogen 

ion appears in Equations (1) and (3), the equilibrium constants for these reactions are highly dependent on pH.

(c) The equilibrium constants, corrected for hydrolysis, were used to calculate the equilibrium distribution curves for plutonium ions

in 1 M NaClO4 solution (assuming an average oxidation state of IV). In the region between pH 1 and 2, the values of the curves are

less certain because the second hydrolysis constant for Pu(IV) has been omitted. (Calculations courtesy of T.W. Newton.)

(d) The graph shows the disproportionation of Pu(IV) in 1 M NaClO4, pH = 1, at 25°C as a function of time (units of molar-seconds).

Dividing by the total concentration gives the time required to reach any particular distribution. For an initial Pu(IV) concentration 

of 0.002 M, half of the IV species will be gone in 10,000 s, or about 3 h.
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Figure 6. Complications of Plutonium Chemistry

(a) Each of the redox potential differences that separate the primary oxidation states is approximately 1 V. Thus, it is easy for 

plutonium to change its oxidation state. The figure shows the redox potential differences for the plutonium aquo ions in 1-M 

perchloric acid, as well as the potential difference between the plutonium aquo ions and the pure metal, Pu(0).

(c) (d)
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ion appears in Equations (1) and (3), the equilibrium constants for these reactions are highly dependent on pH.

(c) The equilibrium constants, corrected for hydrolysis, were used to calculate the equilibrium distribution curves for plutonium ions

in 1 M NaClO4 solution (assuming an average oxidation state of IV). In the region between pH 1 and 2, the values of the curves are

less certain because the second hydrolysis constant for Pu(IV) has been omitted. (Calculations courtesy of T.W. Newton.)

(d) The graph shows the disproportionation of Pu(IV) in 1 M NaClO4, pH = 1, at 25°C as a function of time (units of molar-seconds).

Dividing by the total concentration gives the time required to reach any particular distribution. For an initial Pu(IV) concentration 

of 0.002 M, half of the IV species will be gone in 10,000 s, or about 3 h.
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Figure 6. Complications of Plutonium Chemistry

(a) Each of the redox potential differences that separate the primary oxidation states is approximately 1 V. Thus, it is easy for 

plutonium to change its oxidation state. The figure shows the redox potential differences for the plutonium aquo ions in 1-M 

perchloric acid, as well as the potential difference between the plutonium aquo ions and the pure metal, Pu(0).
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(b) The equations governing the redox reactions for plutonium ions under acidic conditions are
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equilibrium constants of these reactions as a function of pH if hydrolysis of Pu(IV) is taken into account. Because the hydrogen 

ion appears in Equations (1) and (3), the equilibrium constants for these reactions are highly dependent on pH.

(c) The equilibrium constants, corrected for hydrolysis, were used to calculate the equilibrium distribution curves for plutonium ions

in 1 M NaClO4 solution (assuming an average oxidation state of IV). In the region between pH 1 and 2, the values of the curves are

less certain because the second hydrolysis constant for Pu(IV) has been omitted. (Calculations courtesy of T.W. Newton.)

(d) The graph shows the disproportionation of Pu(IV) in 1 M NaClO4, pH = 1, at 25°C as a function of time (units of molar-seconds).

Dividing by the total concentration gives the time required to reach any particular distribution. For an initial Pu(IV) concentration 

of 0.002 M, half of the IV species will be gone in 10,000 s, or about 3 h.
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perchloric acid, as well as the potential difference between the plutonium aquo ions and the pure metal, Pu(0).
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David Clark, “The Chemical Complexities of Plutonium,” in Los Alamos 
Science: Challenges in Plutonium Science  Vol. II No. 26 (2000).



the environment, such as coprecipita-

tion, mineralization, and diffusion

processes (and have thus included them

in Figure 1), we will not discuss their

roles here.

Oxidation States and Redox
Behavior

Water is the dominant transport

medium for most elements in the envi-

ronment. Compared with the pH values

and ionic strengths that can be obtained

in the laboratory, most natural waters

are relatively mild. Typically, they are

nearly neutral (pH 5 to 9), with a wide

range of redox potentials (from –300 to

+500 millivolts) and low salinities

(ionic strengths ! 1 molal). The water

conditions determine which actinide 

oxidation states predominate and which

actinide species are stable. 

For example, Figure 2 shows the

Pourbaix diagram (Eh vs pH) for pluto-

nium in water containing the two most

environmentally relevant ligands, the

hydroxide (OH–) and carbonate (CO3
2–)

ions. Even in this simple aqueous 

system, plutonium can exist in four 

oxidation states: III, IV, V, and VI.

(Plutonium is unique in this regard. 

The Pourbaix diagrams for the other 

actinides are simpler.) The normal

range of natural waters is outlined in

the figure and overlaps with the stability

fields of plutonium in the III, IV, and V

oxidation states. Within this range, 

plutonium exhibits two triple points,

where species in three different oxida-

tion states are in equilibrium. 

Because of intrinsic differences in

redox potentials, each actinide will 

exhibit a different set of oxidation

states for a given set of solution condi-

tions. In contrast to plutonium, U(III) is

unstable under most conditions and 

oxidizes easily to U(IV), while U(V)

disproportionates easily to U(IV) and

U(VI). Neptunium(III) and Np(VI) are

on the edges of the water stability 

region and can exist only under strongly

reducing or oxidizing conditions, 

respectively. Americium and curium

will only be found in the III oxidation

state under most conditions. Similarly,

all actinides beyond curium are domi-

nated by the lanthanide-like trivalent

oxidation state.

As a rule of thumb, we expect to

find U(VI), Np(V), Pu(IV), Am(III),

and Cm(III) as the prevalent oxidation

states in most ocean or groundwater 

environments. But in other aqueous en-

vironments, including streams, brines,

or bogs, U(IV), Np(IV), and

Pu(III,V,VI) are also common and like-

ly to be stable. Table 1 summarizes the

oxidation states of the actinides and

highlights the environmentally most 

relevant ones. Some of the states listed

in the table, such as Pa(III) or Pu(VII),

can be synthesized only under extreme

conditions, far from those found in 

natural systems.

Additional chemical processes occur-

ring in solution are likely to influence

the actinide’s oxidation state stability.

The stability of Pu(V) in natural waters

containing carbonate is an example.

The plutonium will complex with the

carbonate ligands, and if the plutonium

concentration is low (less than about

10–6 M), radiolytically induced redox

reactions are minimized. Consequently,

the stability of Pu(V) is enhanced and

its disproportionation to Pu(IV) and

Pu(VI) is reduced. As discussed later,

the solubilities of solids formed from

Pu(V) complexes are orders of magni-

tude greater than those of Pu(IV) solids,

so the enhanced stability of Pu(V)

would serve to increase the total pluto-

nium concentration in solution. 

Another example for the stabilization

of actinides in solution is the oxidation

of Am(III) and Pu(IV) through radiolytic

formation of oxidizing species, such as

peroxide (H2O2) or hypochlorite

(ClO–). At high actinide concentrations

and hence under the influence of (its

own) alpha radiation, those normally

stable oxidation states are oxidized to

form Am(V) and Pu(VI), respectively,

especially in concentrated chloride

brines. 

Despite the complexity of actinide

redox behavior, however, we should

emphasize that within a given oxidation

state, actinides tend to behave similarly.

For example, we can study a U(IV)

complex and from it infer the behavior

of the analogous Np(IV) and Pu(IV)

complexes. In the following discus-

sions, therefore, we often refer to

“generic” actinides—e.g., An(IV) 

complexes—where An is shorthand 

for actinide.

Effective Charge. It has been

known for many years that An(IV)

forms the strongest, most stable 

complexes and An(V) the weakest. This

behavior follows directly from the 

effective charges of the ion. 

In the III and IV states, the actinides

form hydrated An3+ and An4+ ions in

solution, respectively. In contrast, the

highly charged ions in the V and VI

states are unstable in aqueous solution

and hydrolyze instantly to form linear

trans-dioxo cations, AnO2
+ and
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Table I.  Oxidation States of Light Actinidesa

Th Pa U Np Pu Am Cm

III III III III III III III

IV IV IV IV IV IV IV

V V V V V

VI VI VI VI

VII VII

aThe environmentally most important oxidation states are bolded.

“Formal” Oxidation States

W. Runde, “The Chemical Interactions of Actinides in the Environment,” 
in Los Alamos Science: Challenges in Plutonium Science  Vol. II No. 26 

(2000).



2Pu
4+

+ 2H2O ↔ Pu
3+

+ PuO
+

2 + 4H+

Pu
4+

+ PuO
+

2 ↔ Pu
3+

+ PuO
2+

2

2PuO
+

2 + 4H+
↔ Pu

4+
+ PuO

2+
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Disproportionation Reactions
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Ionization levels and negative-U

Na0 Na0

Na(gas) (U > 0)
0
2

1

Na+ Na-

Na in NH3 (U < 0)
0

2

1

“Atomic” limit of 
Hubbard model

Ĥeff = εan + Un↑n↓

E0 =







0, n = 0

εa, n = 1

2εa + U, n = 2



• Alkali metals in liquid ammonia

• Other metal ions in aqueous solution: In2+ and Sn3+

• Doped chalcogenide glasses [P. W. Anderson 1975]

• Indium in lead telluride

• Interstitial boron or vacancies in silicon (Watkins)

Examples of negative-U

G. D. Watkins, “Negative-U properties for defects in solids” 
Festkörperprobleme (Advances in Solid State Physics) XXIV, 

p.163 P. Grosee (ed.) (Vieweg, Braunschweig 1984).



The chemical complexity is a 

double-edged sword. Plutonium chem-

istry is rich, varied, and fascinating, but

it can also be difficult to control. Its 

behavior is in great contrast to the

chemistry of light elements of the peri-

odic table, where our understanding of

molecular transformations and the theo-

ry of chemical bonding between light

atoms is such that we can undertake

complex, multistep processes to synthe-

size new pharmaceuticals, polymers,

ceramics, and other materials that are

expertly tailored to our specific needs.

We can exercise such control over the

chemistry because we have a detailed

understanding of the electronic structure

and chemical reactivity of the light ele-

ments in the periodic table. Presently,

we have no such comprehension of plu-

tonium. Only recently have we at Los

Alamos been able to gain new insight

into the molecular- or atomic-scale

properties of the element. It is obvious,

however, that a fundamental grasp of

plutonium chemistry will have clear im-

plications for modern improvements in

process and separations chemistry, the

storage and disposition of legacy mate-

rials, the fate and transport of

plutonium in the environment, and the

long-term predictions of nuclear

weapons aging and safety. Understand-

ing and predicting the chemistry of

plutonium will be the key to solving

plutonium-related problems that have

resulted from 50 years of nuclear

weapons production.

This article will therefore present

plutonium chemistry from a basic, mol-

ecular-level perspective. It will start

with a discussion of 5f electrons, which

define the actinide series and are 

responsible for the chemical properties

of the series. It will end with a summary
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Figure 1. Chemical Periodicity and the Periodic Table

The modern periodic table derives principally from the work of Dimitri Mendeleev, who in 1869 enunciated a “periodic law” that the

properties of the elements are a periodic function of their atomic weights and arranged the 65 known elements in a “periodic

table.” Fundamentally, every column in the main body of the table is a group of elements that display similar chemical and physi-

cal behavior.  Similar properties are therefore exhibited by elements with widely different masses.  Chemical periodicity is central

to the study of chemistry, and no other generalization comes close to its ability to systematize and rationalize known chemical

facts. With the development of atomic theory and an understanding of the electronic structure of atoms, chemical periodicity and

the periodic table now find their natural explanation in the electronic structure of atoms.  Moving from left to right along any row,

the elements are arranged sequentially according to nuclear charge (the atomic number). Electrons balance that charge, hence each

successive element has one more electron in its configuration.  The electron configuration, or distribution of electrons among atom-

ic orbitals, may be determined by application of the Pauli principle (paired spin in the same orbital) and the Aufbau principle (which

outlines the order of filling electrons into shells of orbitals s, p, d, f, etc.) such that in a given atom, no two electrons may have all

four quantum numbers identical.



of some of our most recent structural

studies of plutonium carbonate 

complexes, studies that are relevant for

understanding the behavior of plutoni-

um ions in natural groundwaters. Along

the way, it will also bring to light some

fundamental chemistry of the most 

fascinating element known.

The Actinide Elements

Plutonium is one of the actinide 

elements, those fourteen elements with

atomic numbers 90 to 103 that follow

actinium in the periodic table. The table

itself is shown in Figure 1. The figure

caption also provides some background

material on chemical periodicity and

electronic structure. The actinide 

elements occupy their unique position

at the bottom of the periodic table be-

cause they contain 5f electrons in their

valence shell. Because the valence elec-

trons are the ones that ultimately dictate

chemical behavior, we would expect

the actinides to be chemically similar to

the only other elements that have 

f electrons in their valence shell—the

lanthanides. Those are the fourteen 

elements with atomic numbers 58

through 71, which sit directly above the

actinides in the periodic table and have

4f valence electrons.

Chemically, the lanthanides are char-

acterized by relatively homogeneous

behavior (especially in aqueous 

solution). All members tend to form

trivalent ions and form similar chemical

compounds. In general, the chemical

and physical differences between adja-

cent elements in the series are small. If

placed in the main body of the periodic

table (which is organized according to

similarities in chemical traits), all four-

teen would occupy the single position

set aside for the element lanthanum

(number 57).

The chemical homogeneity of the

lanthanides results from the relatively

small radial extension of the 4f valence

orbitals, which are buried beneath the

spatially more extended 5d and 6s 

orbitals. Since 4f electrons are buried

so deep within the atom, they have lit-

tle opportunity to participate in

chemical bonding, hence the addition of

another f electron to the valence shell

has little effect on the overall bonding

character or reactivity of the element.

Thus, all of the lanthanides tend to 

behave chemically the same.

To a large degree, the actinides 

exhibit this same tendency toward 

homogeneous chemical behavior. The

chemistry of plutonium, for example, is

similar to the chemistry of uranium and

neptunium. Lanthanide-like behavior, in

fact, was the main prediction of Glenn

Seaborg’s “actinide concept” (Seaborg

1984). Seaborg asserted that the 5f sub-

shell begins to fill after actinium, and

so the electron configurations of the 

actinides and lanthanides should be

completely analogous, and the two 

series should behave in a chemically

homologous manner. (See the box “The

Actinide Concept” on page 368.)

The 5f orbitals are very close in 

energy to the 6d’s. In the early part of

the actinide series, electrons find it rela-

tively easy to switch between 5f and 6d

configurations, and some of the “light”

actinides—actinium through americi-

um—exhibit traits that are reminiscent

of elements that have at least one 

unpaired d electron in their valence

shell—namely the transition elements.

The transition elements, also called

the transition metals, comprise the 

d-block elements in columns 3 through

11 of the periodic table. They are the

classical hard metals, such as iron, 
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Table I. Ground-State Valence Shell Configurations of Lanthanum, the Lanthanides, Actinium, and the Actinides

Lanthanide Configuration Actinide Configuration

La lanthanum 5d1 6s2 Ac actinium 6d1 7s2

Ce cerium 4f1 5d1 6s2 Th thorium 6d 7s2

Pr praseodymium 4f3 6s2 Pa protactinium 5f2 6d1 7s2

Nd neodymium 4f4 6s2 U uranium 5f3 6d1 7s2

Pm promethium 4f5 6s2 Np neptunium 5f4 6d1 7s2

Sm samarium 4f6 6s2 Pu plutonium 5f6 7s2

Eu europium 4f7 6s2 Am americium 5f7 7s2

Gd gadolinium 4f7 5d1 6s2 Cm curium 5f7 6d1 7s2

Tb terbium 4f9 6s2 Bk berkelium 5f9 7s2

Dy dysprosium 4f10 6s2 Cf californium 5f10 7s2

Ho holmium 4f11 6s2 Es einsteinium 5f11 7s2

Er erbium 4f12 6s2 Fm fermium 5f12 7s2

Tm thulium 4f13 6s2 Md mendelevium 5f13 7s2

Yb ytterbium 4f14 6s2 No nobelium 5f14 7s2

Lu lutetium 4f14 5d1 6s2 Lr lawrencium 5f14 6d1 7s2
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Chemistry of Plutonium in
Aqueous Solution

The chemistry of plutonium is 

important for many reasons, including

the processing and purification of pluto-

nium for preparation of the pure metal,

for managing our nation’s nuclear

wastes, for predicting its behavior in

the environment, and for predicting the

effects of aging on and the safety of

nuclear weapons. For example, as 

discussed in the article “The Chemical

Interactions of Actinides in the Envi-

ronment” beginning on page 392, if

plutonium is accidentally released into

the environment, its chemical properties

will determine to a large extent whether

its transport will be retarded by precipi-

tation from solution or sorption to a

mineral surface or whether it will 

migrate freely as a soluble molecular

species. During process chemical opera-

tions, we control the chemistry in

concentrated nitric acid solutions or

molten halide salts to obtain the desired

oxidation state for further chemical 

manipulation or the desired chemical

purity for manufacturing purposes. (See

the article “A Vision for Environmen-

tally Conscious Plutonium Processing”

on page 436.) These rather “forced”

chemical conditions were historically

required for chemical processing be-

cause of the complexity of plutonium

chemistry.

Because of its electropositive nature,

a plutonium atom in aqueous solution

will readily lose between three and

seven of its outer electrons to form 

positively charged cations in five for-

mal oxidation states, Pu(III), Pu(IV),

Pu(V), Pu(VI), and Pu(VII). (The

roman numeral in parentheses refers to

the “formal” charge exhibited by the

central positive ion.2) Much of the solu-

tion chemical behavior of plutonium
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Figure 3. Radial Extent of 4f and 5f Valence Electrons

(a) The radial probability P(R) = 4!r2Rnl
2 of finding an electron at a distance r from

the nucleus is shown for the valence 4f, 5d, 6s, and 6p orbitals of Sm3+. The solid

lines show the probabilities after the inclusion of relativistic effects. The relativistic

corrections are of minor importance for 4f elements, and most of the 4f electron

density lies close to the nucleus. Bonding to the Sm3+ ion takes place by means of

electrons occupying the 5d, 6s, or 6p orbitals, and so 4f electrons only marginally

influence the chemistry. (b) The analogous figure for Pu3+ shows that the tail of the

relativistically correct 5f electron distribution extends out much farther from the nu-

cleus than a 4f electron does. In addition, the valence 7s and 7p electrons contract

closer to the nucleus when relativistic effects are taken into account. The net effect

is that the 5f electrons of the actinides can much more readily participate in bonding

than the 4f electrons of the lanthanides. (Calculations courtesy of P. Jeffrey Hay.)

(a)

(b)

2Formal charges can be assigned to each element
or ion in a compound. For example, both oxygen,
O2–, and the carbonate ion, CO3

2–, are assigned a
formal charge of –2 in any compound. Thus,
Pu(CO3)5

6– is a Pu(IV) species, since the pluto-
nium ion has a formal charge of +4, and PuO2

+

is a Pu(V) species, since the plutonium ion has a
formal charge of +5.

a0 =
h̄

2

me2



Disproportionation in a Model of 
Partially Localized 5f Electrons

valued subscripts give the approximate !Jz" expectation

value found for t jz
parameters not too close to the phase

boundaries.

Overall, the Hartree-Fock t1/2!t3/2 phase diagram in Fig.

3 shows only weak resemblance with the one from the exact

calculation. The isotropic line is a phase boundary at zero

field.

Figure 4 illustrates the occupation pattern of four impor-

tant phases occurring in the phase diagrams shown in Figs.

1–3 and 7 of the present work as well as Fig. 5 of Ref. 14. A

large angular momentum as implied by Hund’s rules is ob-

tained if electrons occupy preferentially states with either

large positive or large negative angular momentum projec-

tions j z—of course subject to the Pauli principle. Occupation

of states with large positive or negative angular momentum

projections is favored also by local #molecular$ magnetic
fields. In particular, the antisymmetrized product states

!" 5
2 ,"

3
2 ,"

1
2 "#!" 5

2 ,"
3
2 " minimize simultaneously the

Coulomb energy and the magnetic energy. For not too strong

hopping, the two sites #anti-$ align their angular momenta in
a #anti-$ ferromagnetic field configuration, see left #right$
column of Fig. 4.

Two crucial differences between FM and AM fields are

obvious:

#i$ As drawn, in the FM case both sites have an f occupa-

tion n f$2.5, whereas in the AM case a small charge dispro-

portionation %n f %1 can be present. The AM configurations

of Fig. 4 are, of course, degenerate due to the symmetry with

respect to a simultaneous exchange of site index and j z
↔! j z .

#ii$ The FM and AM cases differ with respect to a possible

quantum phase transition when going from t3/2%t1/2 to t3/2
&t1/2 #compare in Fig. 4 the upper row with the lower row$.
In the AF case, with increasing t1/2 the j z$1/2 electron starts
to fluctuate more between the sites, whereas the j z$3/2 elec-
tron fluctuates less. This is a continuous crossover, which,

however, takes place rather suddenly because j z$1/2 fluc-
tuations imply charge fluctuations which then suppress j z
$3/2 fluctuations, and vice versa. In a level diagram such as
the inset of Fig. 4 in Ref. 14, this corresponds to an avoided

crossing.

In contrast, in the FM case one of j z$1/2 or j z$3/2 is not
fully occupied. The transition is not a crossover, but a simple

level crossing with discontinuous change of Jz and orbital

occupation. This difference between sharp discontinuities on

the FM side and smooth crossovers on the AM side will be

seen repeatedly in this work. We will see below that within

the Hartree-Fock approximation the states FM15/2 , FM17/2 ,

and AM1/2 dominate indeed in the phase diagram for finite

fields and not too large hopping.

One further cautionary remark is in place: The represen-

tation in Fig. 4 shows only the occupation pattern, but does

not reflect the correlations between different configurations.

Strongly anisotropic hopping t3/2't1/2 leads in the full

solution to FM15/2 , i.e., to ferromagnetic correlations and

single occupancy of the binding j z$( 3
2 state. The corre-

sponding wave function

!&"15/2$
c3/2
† #a $(c3/2

† #b $

!2
c5/2
† #a $c1/2

† #a $c5/2
† #b $c1/2

† #b $!0"

#13$

is a simple Slater determinant. Thus, it is not surprising that

HF works well for this case. The parameter space of the

FM15/2 phase is, however, much larger in the HF approxima-

tion than in the exact calculation. It shrinks with increasing

antiferromagnetic field and increases with increasing ferro-

magnetic field.

Outside the ferromagnetic phases in Fig. 3, the correla-

tions are antiferromagnetic and !Jz")3/2. A kink separates a

FIG. 3. Phase diagram in the t1/2-t3/2 plane #with t1/2$t5/2) in the

Hartree-Fock approximation with ferromagnetic #right$, vanishing
#middle$, and antiferromagnetic #left$ fields. The phases are charac-
terized from the z components of the angular momentum and the

state occupation and labeled according to the notation of Figs. 4

and 5.

FIG. 4. Configurations relevant for weakly anisotropic hopping

#hybridization$ in the presence of ferromagnetic #FM, left column$
and antiferromagnetic #AM, right column$ fields for t3/2*t1/2$t5/2
#top row$ and t1/2$t5/2*t3/2 #bottom row$. Rectangles symbolize
the j z orbitals on both sites, with black areas presenting their occu-

pation. The thickness of horizontal arrows between orbitals symbol-

izes their contributions to the kinetic-energy gain. The arrow-

shaped background emphasizes the role of the fields. Note the

charge disproportionation 0%%n f%1 in the antiferromagnetically
aligned states.

RUNGE et al. PHYSICAL REVIEW B 69, 155110 #2004$

155110-4

“Approximate treatment of 5f-systems with partial localization due to intra-
atomic correlations,” E. Runge, P. Fulde, et al., Phys. Rev. B69, 155110 

(2004) 



depends on the nature of its oxidation

state. The metal ion in each of those

states can form a variety of molecular

complexes, each with a characteristic

solubility and chemical reactivity. 

In addition, we shall see later that 

plutonium is the only element in the 

periodic table that can have appreciable

amounts of four different oxidation

states existing in aqueous acidic 

solutions simultaneously.

Under noncomplexing acid condi-

tions (such as perchloric or triflic acid),

both Pu(III) and Pu(IV) exist as the

simple hydrated (or aquo) ions. Water

molecules are coordinated around the

metal ion, resulting in the molecular

cations Pu(H2O)
n

3+ and Pu(H2O)
n

4+,

where n can vary depending on the

concentration of other ions (the ionic

strength). Common values for n are 8,

9, and 10. Aquo ions with eight ligands

are shown in Figure 4(a), while a struc-

ture with nine ligands is shown in 

Figure 4(b).

Both Pu(V) and Pu(VI), have such

large positive charges that in aqueous

solution they readily strip oxygen atoms

from water molecules to form a unique

class of trans-dioxo cations, PuO2
+ or

PuO2
2+. The plutonium atom is aligned

between the two oxygen atoms in a 

linear structure, O=Pu=O, known as an

Plutonium Chemistry
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Figure 4. Possible Molecular Geometries for the Plutonium Aquo Ions 

(a) Three common geometric arrangements are possible for eight water ligands around a

central Pu(III) or Pu(IV) ion: a cube, a square antiprism, and a dodecahedron. A cubic arrange-

ment of ligands is rather rare in molecular chemistry because a simple twist of one square face

by 45 degrees gives the square antiprism, which is known to minimize ligand–ligand repulsive

forces. The dodecahedron can be viewed as two interpenetrating tetrahedra, one flattened and

one elongated with respect to the cube. (b) With nine water ligands, Pu(III,IV) can form the 

tricapped trigonal prism. Six water molecules are arranged on the top and bottom planes of the

vertically oriented right prism. Each of the three molecules in the equatorial plane are centered

about one face of the prism. (c) Both the Pu(V) and Pu(VI) aquo ions exist as actinyl ions. Two oxygen atoms form strong covalent

bonds with the plutonium to form a linear plutonyl unit, O=Pu=O. All the water molecules bond in the equatorial plane. The actinyl aquo

ions typically have five water ligands, and the common geometry is a pentagonal bipyramid. (d) Plutonium VII can form under extreme

oxidizing conditions. The PuO4(OH)2
3– molecule shown here has a tetragonal bipyramid arrangement; four oxygen atoms form double

bonds in the equatorial plane, while the two OH ligands bond along the axis of the bipyramid. 

Hydrogen

(b) Pu(III,IV): Tricapped trigonal prism (c) Pu(V,VI): Pentagonal bipyramid (d) Pu(VII): Tetragonal bipyramid

Oxygen

Plutonium

(a) Pu(III,IV): Cube Pu(III,IV): Square antiprism Pu(III,IV): Dodecahedron

XAFS = X-ray Absorption Fine Structure
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respectively. An analysis of the DFT results for UO2(H2O)5
2+ shows that the resultant

charge distribution is closer to +1.66 for uranium and –0.26 for each oxygen in the

uranyl group (see Table II). Some residual charge (+0.18) remains on each of 

the equatorial water molecules. This change is evident in the six molecular orbitals

describing the uranyl bond. In the ionic picture, these orbitals would be strictly 

atomic in character and would involve the 2px, 2py, and 2pz orbitals on each of 

the oxygen atoms. Using the symmetry designations of O=U=O, we denote these 

orbitals !g, !u, "ux, "uy, "gx, and "gy. One of the most important contributions arises

from the !u orbital, which involves not only the 2pz atomic orbitals of the oxygen

atoms but also the 5fz3 orbital of the uranium atom. In Figure 2, the atomic orbitals of

each atom are shown before they interact, as we assumed in the ionic model. In the

middle of Figure 2, the molecular orbital is shown schematically in order to illustrate

bonding interactions of the oxygen 2pz orbitals with the uranium 5fz3 orbital. 

We now turn to another aquo complex, PuO2(H2O)5
2+, which is qualitatively 

similar to UO2(H2O)5
2+. As mentioned before, unlike its uranium counterpart, 

the plutonium complex has two unpaired electrons in the 5fxyz and 5fx(x2–y2) molecu-

lar orbitals. These molecular orbitals are essentially identical to the atomic 5fxyz and

5fx(x2–y2) orbitals of plutonium. The calculated optimum structure from DFT results is

shown in Figure 3(a), which closely resembles the schematic drawing of aquo com-

plexes in Figure 1. A contour plot in Figure 3(b) shows the positive and negative 

amplitudes of the self-consistent molecular orbital most closely corresponding to 

the !u molecular orbital of the isolated O=Pu=O group. The constructive interference

of the bonding interaction between the oxygen 2pz orbitals and the plutonium 5fz3

orbital, which was sketched in Figure 2, now actually appears as a single contour 

in the figure. As already mentioned, there are five other molecular orbitals represent-

ing the 12 electrons in the O=An=O bonds, in which the 5f and 6d orbitals on 

the actinide can participate, but we will not discuss these other orbitals in detail here. 

Properties of Aquo and Crown Complexes of Actinyl Species. In this section,

we discuss the geometries and other properties of actinyl complexes obtained from

DFT calculations. To obtain the optimized structure, we vary the total molecular 

energy EDFT(R), which was discussed in the section “Theoretical and Computational

Developments,” as a function of all the nuclear coordinates until a stable, or 

minimum-energy, solution is found. Table III compares the calculated bond lengths

Antibonding molecular 

orbital (not filled)

Electron pair

Oxygen 2pz atomic orbital

Oxygen 2pz atomic orbital

Uranium 5fz   atomic orbital

O

U

O

O
2

!u molecular orbital of O=U=O

 

U
6+

Bonding molecular 

orbital (filled)

3

Self-Consistent Picture

Figure 2. Formation of a 

Bonding !u Molecular Orbital

The figure shows the interaction 

of two oxygen 2pz orbitals (left) in

the uranyl unit with the uranium 5fz3

orbital (right) to form a bonding

!u molecular orbital (center) in 

the O=U=O bond. The figure also

suggests the energy levels 

(solid lines) of the atomic orbitals

relative to the energy levels of 

the molecular orbitals in the self-

consistent picture. 

P. J. Hay and R. L. Martin, “Computational Studies of Actinide Chemistry,” 
in Los Alamos Science: Challenges in Plutonium Science  Vol. II No. 26 

(2000).

O=An=O Actinyl Ion



Redox Reactions

PuO2(H2O)2+5 (VI) + 1
2

H2(g) + H2O → PuO2(H2O)+5 (V) + H3O+

Pu(H2O)4+8 (IV) + 1
2

H2(g) +H2O → Pu(H2O)3+8 (III) + H3O+

PuO2(H2O)+5 (V) + 3 H3O+ + 1
2

H2(g) → Pu(H2O)4+8 (IV) + 2 H2O



Density Functional Theory (DFT)

Ĥ|Ψ0〉 = E0|Ψ0〉

E[n(!r)] = 〈Ψ|Ĥ|Ψ〉

n(!r) = N

∫
|Ψ(!r, !r2, . . . , !rN )|2 d3r2d

3r3 · · · d
3rN



• Use ADF (www.scm.com) with n=4 frozen cores

• Scalar ZORA relativity (spin orbit included later)

• Unrestricted spin

• Revised Perdew-Burke-Ernzerhof (RPBE) 
exchange-correlation functional

• Geometry relaxation

• Vibrational modes contribute to free energy

• First solvation sphere treated quantum mechanically

• Beyond first solvation sphere: use “conductor-like 
screening” (COSMO) solvation model

DFT Ingredients

http://www.scm.com/
http://www.scm.com/


Zero Order Regular Approximation (ZORA)

E =
√

m2
0
c4 + !p2c2 + V (!r)

Ẽ ≡ E − m0c
2

= m0c
2

(
√

1 +
!p2

m2
0
c2

− 1

)

+ V (!r)

≈

!p2

2m0

−

!p4

8m3
0
c2

+ . . . + V (!r)

|!p| < m0c



ẼZORA ≡

!p2c2

2m0c2
− V (!r)

+ V (!r)

Ẽ =
√

m2
0c

4 + !p2c2
− m0c

2 + V (!r)

=
!p2c2

m0c2 +
√

m2
0c

4 + !p2c2
+ V (!r)

=
!p2c2

2m0c2 + Ẽ − V (!r)
+ V (!r)

=
!p2c2

(2m0c2
− V (!r))

(

1 + Ẽ

2m0c2
−V (!r)

) + V (!r)

E < 2m0c
2
− V (!r)

V (!r) ∼ −

Ze2

r



Pu(H2O)83+ PuO2(H2O)52+



DFT Results

Pu-OH2 distance (Angstroms)
Oxidation 

State
Hay, Martin, & 

Schreckenbach This work Experiment
(XAFS)

III 2.50 2.49
IV 2.38 2.39
V 2.61 2.62 2.47
VI 2.49 2.45 2.41

Pu-O distance (Angstroms)
Oxidation 

State
Hay, Martin, & 

Schreckenbach This work Experiment
(XAFS)

V 1.81 1.80 1.81
VI 1.74 1.75 1.74



DFT Results (cont.)

Reduction-Oxidation Potentials (volts) -- No spin orbit

Reduction 
Reaction

Hay, Martin, & 
Schreckenbach This work Experiment

VI to V 3.19 1.70 0.95

V to IV -0.88 1.03
IV to III 1.94 1.01

P. J. Hay, R. L. Martin, and G. Schreckenbach, “Theoretical studies of the 
properties and solution chemistry of AnO22+ and AnO2+ aquo complexes 

for An = U, Np, and Pu,” J. Phys. Chem.  A 104, 6259 -- 6270 (2000).



Spin-Orbit Interaction from ZORA

Redox Potentials (volts) With Spin-Orbit Interaction

Reduction 
Reaction

Hay, Martin, & 
Schreckenbach This work Experiment

VI to V 3.28 0.88 0.95

V to IV -0.42 1.03
IV to III 1.76 1.01

ĤSO = λSO
"# · "s + α

∆E ≈

{

−0.1 eV, j = 5/2

0.9 eV, j = 7/2



kcal/mol as compared to B3LYP; the reason for this deviation

lies purely in the gas-phase complex binding energies.

We note that, since the inclusion of the second coordination

sphere would make the values more negative, the B3LYP results

could slightly worsen as compared to the experiment whereas

PBE could get better.

Reduction Potential. A central goal of the current paper is

the prediction of the [AnO2(H2O)5]2+/[AnO2(H2O)5]1+ reduction

potentials for the series of complexes of uranium, neptunium,

and plutonium. Previously, we had studied them20 using LC-

ECP-B3LYP and the BSJ continuum solvation model. Moska-

leva et al.33 studied a reduction reaction involving a protonated

uranyl(V) dicationic form to avoid solvation effects arising from

the change in charge of the complex during reduction. However,

we feel that there is no real need for using such rather artificial

model systems; in the previous section, we have shown that

our solvation methods give very reasonable results for both

mono- and dications of actinyls. In the following calculations,

we use actinyl penta-aquo complexes the bulk water solvent

modeled by the CPCM continuum model.

The respective data has been collected in Tables 9 and 10

where we have also included the previous LC-ECP calculations

that showed a systematic error of some 2-3 eV. The reduction
potentials relative to the standard hydrogen electrode are also

given in Figure 4.

By comparison of the older LC-ECP-B3LYP results with the

current SC-ECP-B3LYP and four-component Priroda-PBE

calculations (Table 10), we notice that the agreement with

experiment87 has been improved considerably. The LC-ECP-

B3LYP numbers exhibit a systematic error of 2-3 eV. However,
the deviations between either the SC-ECP or four-component

(Priroda) results and experiments are reduced to less than 0.6

eV for both, the B3LYP and PBE XC functionals. The errors

for B3LYP have now either sign, i.e., no systematic shift is

apparent anymore, whereas the PBE reduction potentials are

lower than the experimental values.

The ad hoc multiplet and spin-orbit corrections of Hay et
al.20 (listed in Table 9) are seen to be crucial in reproducing

the experimentally observed trend in the reduction potential (viz.,

Np > Pu > U). Without these corrections, we obtain a uniform

increase in reduction potential with increasing atomic number,

Table 10 and Figure 4.

To exclude as an error source the specifics of the particular

LC-ECPs used in our earlier paper,37 we have also recalculated

the [UO2(H2O)5]2+/[UO2(H2O)5]1+ reduction potential using two

further LC-ECPs. Not surprisingly, they give very similar results

to those discussed above (when keeping all other settings, ligand

basis sets, XC functional, solvation model, etc., the same.) For

instance, the electronic contribution ∆E UVI/UV (gas phase)

amounts to -11.4 and -11.8 eV for the SDD LC-ECPs38 and
CRENBL LC-ECPs,88 respectively, which can be compared to

a value of -12.1 eV obtained by us earlier.20

Conclusion

In this paper, we have studied the actinyl water complexes

[AnO2(H2O)5]n+, n ) 1 or 2 and An ) U, Np, or Pu. Apart

TABLE 9: Contributions to the Calculated AnVI/AnV Reduction Potentials for the Actinyl Half Reactions [AnO2(H2O)5]2+ + e-

f [AnO2(H2O)5]1+ (eV)

G03 SC-ECP PBE,
G03 B3LYP geometry

G03 SC-ECP PBE,
Priroda geometry

Priroda DZP
four-component scalar PBE,

Priroda geometry

∆E (gas phase) ∆(∆Gsolv)a ∆E (gas phase) ∆(∆Gsolv)a ∆E (gas phase) ∆G298 (gas phase) ∆G298 (solvation)b
multiplet and

spin-orbit correctionsc

UVI/UV -9.90 5.38 -9.47 5.31 -9.55 -9.68 -4.38 -0.31
NpVI/NpV -10.91 5.50 -10.40 5.43 -10.39 -10.34 -4.90 -1.17
PuVI/PuV -11.41 5.47 -10.95 5.53 -10.90 -10.95 -5.42 -0.21

a Difference between ∆G298 in the gas phase and including CPCM solvation. ∆(∆Gsolva) ) ∆∆Gsolv(UV) - ∆∆Gsolv(UVI) is the difference in
∆∆Gsolv between product and reagent of the reduction half reaction. b ∆(∆Gsolv) from G03 SC-ECP-PBE calculations added to ∆G298 (gas phase).
c Empirical corrections taken from ref 20.

TABLE 10: Calculated (G03 SC-ECP-B3LYP and LC-ECP-B3LYP and Priroda DZP Four-Component PBE) and
Experimental AnVI/AnV Reduction Potentials Relative to the Standard Hydrogen Potential (Numbers in eV)a

Priroda PBE G03 SC-ECP B3LYP LC-ECP B3LYPd

experimentb uncorrectedc correctedc uncorrectedc correctedc correctedc

UVI/UV 0.06 -0.82 -0.51 -0.41 -0.10 2.37
NpVI/NpV 1.14 -0.30 0.87 0.55 1.72 4.00
PuVI/PuV 0.91 0.22 0.43 1.08 1.29 3.28

a For the water half reaction H3O+ + e- f 1/2H2 + H2O (standard hydrogen electrode), we used the following calculated reduction potentials:
-4.93 (B3LYP) and-5.20 eV (PBE). b Experimental data87 cited from ref 20. cWithout “uncorrected” and with “corrected” spin-orbit and multiplet
corrections (as listed in Table 7). d Reference 20. The calculated reduction potential for the water half reaction is -4.92 eV in this case.

Figure 4. Calculated and experimental [AnO2(H2O)5]2+/[AnO2-
(H2O)5]1+ reduction potentials according to Table 10. Calculated values
without and with the inclusion of spin-orbit and multiplet corrections
are shown; see text. (Dark red diamonds) LC-ECP-B3LYP values from
ref 20; (red circles and blue triangles) SC-ECP-B3LYP and Priroda-
PBE values without the corrections; (orange stars and light blue crosses)
SC-ECP B3LYP and Priroda PBE values with the corrections applied,
correspondingly; (green squares) experimental values87 as cited from
ref 20.

Actinyl Aquo Complexes J. Phys. Chem. A, Vol. 109, No. 48, 2005 10971

Shamov and Schreckenbach, J. Phys. Chem.  A 109, 10961 (2005).





Toy Model of Strong Correlations

t fc U, e

Ĥ = e f†σfσ − t (f†σcσ + H.c.) + U f†↑f†↓f↓f↑

Uf†↑f†↓f↓f↑ = Un↑n↓

≈ U (〈n↑〉n↓ + 〈n↓〉n↑ − 〈n↑〉〈n↓〉)
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〈n〉2



t = 1, e = -8

Exact

Hartree-Fock

E
n

e
rg

y

-10.5

-10

-9.5

-9

-8.5

-8

-7.5

-7

U

6 6.5 7 7.5 8 8.5 9 9.5 10 10.5 11 11.5 12 12.5 13 13.5 14

Ground State Energy Calculation



Strong Correlations Between 5f Electrons
M. X. LaBute, R. G. Endres, and D. L. Cox, “An Anderson impurity 
model for efficient sampling of adiabatic potential energy surfaces 
of transition metal complexes,” J. Chem. Phys. 121, 8221 (2004).

Gaunt coefficients

Slater-Condon parameters

Ĥel−el =
∑

m1m2m3m4
m1+m2=m3+m4

Im1,m2,m3,m4
f†σ1

m1
f†σ2

m2
fm3,σ2

fm4,σ1

Im1,m2,m3,m4
=

∑

L=0,2,4,6

FL c(L)(m1,m4) c(L)(m2,m3)



Tight-Binding Model of Pu(5f) and O(2p) Orbitals

Ĥ =

z3,xz2,...
∑

i,j

tσ
′

σij

(

f†σ
i fjσ′ + H.c.

)

PuO2(H2O)5:  26 independent-particle states
Pu(H2O)8:  14 independent-particle states

Kohn-Sham molecular orbitals may be expressed
as a linear combination of (orthonormal) Lowdin
atomic orbitals.  Project onto 5f-2p subspace.

Sparse matrices with up to 500 million matrix elements



Slater-Condon Parameter F0 = U

Ionization Reaction Experiment (eV) DFT (eV)

Pu3+ to Pu4+ + e- 34.6 35.29

PuO2+ to PuO22+ + e- 15.1(4) 15.65



M. Norman, “Calculation of 
effective Coulomb interaction 

for Pr3+, U4+, and UPt3,” 
PRB52, 1421 (1995)

I. S. Poirot et al., “Optical 
study and analysis of Pu4+ in 

single crystals of  ZrSiO4,” 
PRB39, 6388 (1989)

Slater-Condon Parameters F2, F4, and F6



Toy Model of System / Environment

t fc U, e

Ĥ = e f†σfσ − t (f†σcσ + H.c.) + U f†↑f†↓f↓f↑

Uf†↑f†↓f↓f↑ = Un↑n↓

≈ U (〈n↑〉n↓ + 〈n↓〉n↑ − 〈n↑〉〈n↓〉)

UHF (〈n〉, n) =
U

2
〈n〉 n −

U

4
〈n〉2



Ecorrected
0 (n) = EHF

0 − UHF (〈n〉, n) +
U

2
(n2 − n)

E
corrected
0 = (1 − x)Ecorrected

0 (1) + xE
corrected
0 (2)

〈n〉 = 1 + x

U Exact <n> HF E(1) E(2) E
6 -10.77 1.79 -10.74 -11.29 -10.68 -10.80
8 -9.52 1.61 -9.28 -10.53 -8.98 -9.58

10 -8.91 1.42 -8.13 -7.28 -10.20 -8.98
12 -8.66 1.25 -7.25 -10.06 -5.55 -8.94

t = 1, e = -8
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Redox Potentials From Hubbard Model

Model VI to V
(volts)

V to IV
(volts)

IV to III
(volts)

DFT + SO 0.88 -0.42 1.76

Hubbard (F0 = 3 eV) -0.08 1.05 0.70

Experiment 0.95 1.03 1.01

Strong Correlations Alter Redox Potentials

f†σ1

m1
fm3σ2

→ f†σ1

m1
fm3σ2

− 〈f†σ1

m1
fm3σ2

〉0

〈Ĥel−el〉0 = 0



Yucca Mountain





Complexation Follows Effective Ion Charge
An4+(IV) > An3+(III) ≈ AnO2+

2 (VI) > AnO+
2 (V)

Over the course of millennia, however,

it is possible that water seeping into a

repository will eventually corrode the

waste containers. The actinides will

then have access to the environment. 

Research at Los Alamos has focused

on characterizing the behavior of 

actinides in the environments surround-

ing those repository sites. (Only small

amounts of transuranic elements are

generally found in other environments,

as discussed in the box “Actinides in

Today’s Environment” on page 396.)

Our solubility studies, for example,

confirm that neptunium is more than a

thousand times more soluble in Yucca

Mountain waters than plutonium. That

is because plutonium in those waters

favors the IV oxidation state while 

neptunium favors the far more soluble

V state. Thus, for Yucca Mountain,

neptunium is the actinide of primary

concern. WIPP, however, is built within

in a geologically deep salt formation. In

the extremely salty brines found there,

the focus shifts to plutonium, since

reactions with chloride ions are known

to stabilize plutonium in the VI oxida-

tion state. Plutonium(VI) species are

much more soluble than Pu(IV) species,

and plutonium mobility would be 

enhanced at WIPP unless a reducing

environment can be maintained within

or around the waste containers.

Unfortunately, very few studies of

actinide geochemistry can be conducted

in situ, so that we are forced to

simulate environmental conditions in

the laboratory. The concentrations of

the actinides in natural waters are 

typically on the order of 10–6 molar

(M) or lower. While those concentra-

tions are high enough to be of environ-

mental concern, they are too low to

allow direct study with conventional

spectroscopies. We have thus had to

adapt advanced spectroscopic tech-

niques, such as x-ray absorption fine

structure (XAFS) and laser-induced 

fluorescence spectroscopies, to study

these toxic, radioactive elements. 

As an example, recent XAFS investiga-

tions of Pu(IV) colloids have yielded

significant insights into the colloids’

structure, which for years has compli-

cated the determination of Pu(IV) 

solubility. Scanning electron 

microscopy (SEM) has helped us eluci-

date the confusing sorption behavior 

of U(VI) onto phosphate mineral 

surfaces. The box on page 412 high-

lights a few examples of these 

spectroscopic studies.

The scope of actinide interactions in

the environment is too broad to cover

in a single article. We will concentrate

therefore on the solubility and specia-

tion of actinides in the presence of 

hydroxide and carbonate ions, which

are the two most environmentally rele-

vant ligands. We will then briefly dis-

cuss some aspects of actinide sorption

and actinide interactions with microor-

ganisms. The solubility and sorption of

actinides pose two key natural barriers

to actinide transport away from a 

geologic repository, while microorgan-

isms pose a less-studied but potential

third barrier. While we are fully aware

of additional geochemical reactions in

Chemical Interactions of Actinides in the Environment
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Figure 2. Pourbaix Diagram for Plutonium

This Eh-vs-pH diagram is calculated for plutonium in water containing hydroxide, 

carbonate, and fluoride ions. (The ligand concentrations are comparable to those found

in water from well J-13 at Yucca Mountain, Nevada, while the plutonium concentration

is fixed at 10–5 M). Specific complexes form within defined Eh/pH regions, while the 

stable oxidation states (colors) follow broader trends. For example, more-oxidizing 

conditions (higher Eh values) stabilize redox-sensitive actinides like plutonium in the

higher oxidation states V and VI. The red dots are triple points, where plutonium can

exist in three different oxidation states. The range of Eh/pH values found in natural 

waters is bounded by the solid black outline. In ocean water or in groundwater, 

plutonium is likely to be found as Pu(IV), while in rainwater or streams, plutonium can 

assume the V state. Other natural environments will favor Pu(III) or Pu(VI) complexes.

The dashed lines define the area of water stability. Above the upper line, water is 

thermodynamically unstable and is oxidized to oxygen; below the lower line, water 

is reduced to hydrogen.
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Actinides typically form  
large molecular complexes 

in solution. Neptunium assumes  
the Np(V) species, NpO2(H2O)5

+,  
in many natural waters.                  

Complexation with different ligands  
can stabilize actinides in solution 

 and enhance their transport 
 through the environment 

 

 

Redox reactions change an actinide's  
oxidation state and help to establish  

equilibrium between species

Microbes can facilitate actinide 

 redox processes, while sorption 

 or uptake by the microbes may 

be a potential transport or  
immoblilzation mode. 

 

At low actinide concentrations, sorption onto particulates,  
  clays, or rock surfaces determines the environmental behavior.  
      Actinides can also diffuse into rock, or coprecipitate with    
   natural ligands and become  
         incorportated into minerals

Np(V) complex sorbed  
to montmorillonite

Solvated actinide species can 

precipitate, forming a solid that in turn 

determines the upper concentration 

limit for the solvated species.
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Figure I. Overview of Actinide Behavior in the Environment
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Conclusions & Open Questions

• Relativistic DFT calculations of aqueous actinides 
have been carried out.  

• Evidence of strong correlations.

• Can better quantitative agreement be achieved?

• Will the same approach explain neptunium and 
americium?

• Organizing principle at work?

• Application to complexation with carbonates, etc.?


