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Abstract

Research into actinides is of high interest because of their potential applications as

an energy source and for the environmental implications therein. Global concern has

arisen since the development of the actinide concept in the 1940s led to the industrial

scale use of the commercial nuclear energy cycle and nuclear weapons production. Large

quantities of waste have been generated from these processes inspiring efforts to address

fundamental questions in actinide science. In this regard, the objective of this work is to

use theory to provide insight and predictions into actinide chemistry, where experimen-

tal work is extremely challenging because of the intrinsic difficulties of the experiments

themselves and the safety issues associated with this type of chemistry. This thesis

is a collection of theoretical studies of actinide chemistry falling into three categories:

quantum chemical and matrix isolation studies of small molecules, the electronic struc-

ture of organoactinide systems, and uranyl peroxide nanoclusters and other solid state

actinide compounds. The work herein not only spans a wide range of systems size but

also investigates a range of chemical problems. Various quantum chemical approaches

have been employed. Wave function-based methods have been used to study the elec-

tronic structure of actinide containing molecules of small to middle-size. Among these

methods, the complete active space self consistent field (CASSCF) approach with cor-

rections from second-order perturbation theory (CASPT2), the generalized active space

SCF (GASSCF) approach, and Møller-Plesset second-order perturbation theory (MP2)

have been employed. Likewise, density functional theory (DFT) has been used along

with analysis tools like bond energy decomposition, bond orders, and Bader’s Atoms

in Molecules. From these quantum chemical results, comparison with experimentally

obtained structures and spectra are made.
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Chapter 1

Introduction

1.1 Introduction

Actinides have been actively studied since the actinide concept was publicly introduced

in 1945 [1]. However, uranium, the heaviest abundant element that occurs naturally,

has been known and studied for much longer. In fact, compounds containing uranium

were used in Roman times as colorants. The uranium mineral pitchblende, now called

uraninite, was known as early as the 1500s, and to date mineralogists have discovered a

wealth of uranium chemistry in nature including over 200 uranyl (UO2
2+) minerals that

are typically soluble in water and react with fossilized plants, methane, and other reduc-

ing agents. [1–3] However, it wasn’t until 1789 that Martin Heinrich Klaproth officially

discovered the first impure uranium oxide. Uranium species continued to be used for

the next century, mostly as ceramic dyes. Over time, the radioactive nature of uranium

came to light, first through Henri Becquerel’s work with uranium salts. It was Marie

Curie who coined the term radioactivity and along with her husband, Pierre, worked to

quantify the extent of the radiation, not only in uranium, but in thorium, polonium, and

radium as well [1, 3]. In 1938, Hahn, Meitner, and Strassman discovered nuclear fission

which has led to some of the most important technological and environmental problems

facing the modern world [1]. As a result, the primary concern for most actinide chemists

today centers on nuclear technologies and the inherent problems associated therein.

Large scale problems have resulted from the atomic age. These include wastes

generated by commercial nuclear reactors for electricity, nuclear weapons production

1
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and dismantlement, and the clean up of storage sites remaining from the Cold War. [1] In

particular, many processes in the commercial fuel cycle lead to the generation of waste,

see Figure 1.1. Approximately 60,000 tons of high-level waste, the most radioactive

of the waste forms, is being stored in over 100 “temporary” sites in the United States

alone. [3, 4] Across the globe tens of thousands of tons continue to be generated each

year. Although this presents challenges from a scientific perspective, the importance of

politics cannot be overlooked. The recent disaster at the Fukishima Daiichi power plant

reinforced the importance of understanding how actinides behave in nature and drew

attention to the impact one nation’s nuclear energy program can have on the rest of the

world. [5] While accidents are one way actinides can be released into the environment,

nations have plans for geological repositories for long term storage of actinide materials.

In North America, the only operating repository is the Waste Isolation Pilot Program

(WIPP) located east of Carlsbad, New Mexico where waste from the research and

production of nuclear weapons is being deposited. [3] It is noteworthy that this waste

is much less radioactive than the irradiated fuel from a commercial nuclear reactor; no

repository currently accepts this type of waste. Moreover, the political climate has led

to the termination of plans for long-term repositories in both the United States and

Canada for commercial spent fuel. [3] Despite hesitations in North America, France has

made significant investments in the nuclear industry and in 2012 74.8% of the nations

energy was generated by nuclear reactors. [6] Not only is France opting to reprocess

fuel but continues to plan for the geological storage of high-level waste. [3]. Moreover,

China currently has 28 new reactors under construction, more than any other nation. [7]

These large scale challenges, while daunting, cannot be tackled by one nation alone and

require interdisciplinary research ranging from the fundamental to the applied.

While these challenges are certainly cause for concern, it is unlikely that nuclear

power will be forsaken. Global energy demands are increasing and nuclear power is a

virtually carbon-free energy source. Given the likelihood that the use of nuclear power

will continue, developing a true fuel cycle would greatly reduce the amount of waste

that is produced, and fundamental actinide science is an essential component in these

efforts. One could imagine working to improve many areas of the cycle from reducing

the amount of waste generated in mining and enrichment on the front end to improving

the reprocessing and the storage of the waste at the end of the cycle. [2, 3] Efforts in
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all areas are necessary to reduce environmental impact; however, the work herein is

most relevant for separations required in reprocessing. When one turn in the fuel cycle

has been made, 95% of the uranium in the spent fuel rods is unspent. [3] It is not the

lack of uranium that renders a fuel rod useless but the presence of fission products that

absorb neutrons effectively stopping the reactor. By separating these so-called nuclear

poisons like xenon-135 and samarium-149 from the unused uranium, fuel rods can be

regenerated and a second turn through the cycle can be made. Technology currently

in use is a modified form of the Plutonium–Uranium Extraction (PUREX) process and

was developed in 1947. [8] As the name suggests, during this process a series of liquid–

liquid ion exchange extractions are performed resulting in the isolation of uranium and

plutonium. However, this process generates significant amounts of additional waste and

was developed during the Manhattan project to isolate plutonium for weapons produc-

tion. [3, 8] As a result, reprocessing in the United States with PUREX became politically

unfavorable during President Carter’s administration due to the fear of weapons pro-

liferation risks. The work in this thesis is motivated by efforts to improve separations

chemistry and reprocessing by gaining fundamental insights into the electronic structure

and solution chemistry of the actinides. Our hope is that deciphering subtle differences

in bonding between uranium and other metals will contribute to the design of improved

technologies.

Additionally these differences in bonding are not only important in the PUREX pro-

cess where high concentrations of actinides are present but also in low concentrations

either in the environment or in the laboratory. The coordination chemistry of the ac-

tinides is less developed in comparison with the transition metals and high coordination

numbers are common. Discoveries of new and unexpected coordination environments

occur often. In particular, subtle differences in bonding between the ligand and the

valence d and f orbitals are of high interest as efforts to control and exploit these dif-

ferences is ongoing. While this research is fundamental in nature, it is an essential

component in understanding the behavior of low concentrations of actinides in the en-

vironment and in water whether it is in the lab, in nature, or following accidents like

Fukushima or Chernobyl. Furthermore, actinides can adopt coordination environments

otherwise inaccessible with the more commonly studied transition metals and exists in

a wide range of oxidation states. Therefore actinides may provide unique opportunities
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Figure 1.1: Schematic representation of the nuclear fuel cycle. Currently, the United
States and Canada do not reprocess spent fuel and a location for a geological repository
has not been chosen. For this reason, these portions of the cycle are shown in red.

in catalysis including small molecule activation and multi-electron processes. [9–12]

Herein we present a collection of theoretical studies of actinide containing systems

ranging in size from diatoms to the nanoscale exploring a variety of chemical problems.

Given the diversity of the systems of interest, the introduction will discuss three topics:

quantum chemical and matrix isolation studies of small molecules, the electronic struc-

ture of organoactinide systems, and uranyl peroxide nanoclusters and other solid state

actinide compounds.

Quantum Chemical and Matrix Isolation Studies of Small Molecules. Mul-

tiple bonding between uranium and main group elements is of high interest with special

emphasis on the use of U as a catalyst. [10, 13–17] By studying small molecules in the

absence of a ligand field containing bonding between uranium and oxygen, nitrogen,

phosphorus, sulfur or carbon, for example, insight into new coordination chemistry can

be obtained with the goal of inspiring the design of future catalysts. [10] The most

common uranium multiple bond occurs in the uranyl diction, UO2
2+. Uranyl is the

predominant form of uranium in water and contains two uranium-oxygen triple bonds.
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While U(VI)≡O bonds like those in uranyl are common, non-reactive, and have been

widely studied, fewer bonds between uranium and the other main group elements are

known. Among them, imido (An=NX), phosphinidene (An=PX), U=S, U=CX, and

N-U-N molecular linkages have been synthesized. [14–18] Moreover, small molecules

such as P≡UF3, N≡U=O, NH=UH2, N≡UF3, CH2=UH2, U≡C, and US2 have been

characterized in matrix isolation experiments and via density functional theory. [19–28]

The linear NUN molecule is isoelectronic to the uranyl dication and has been observed

only by matrix isolation spectroscopy. [19–22, 29] First, Green and Reedy studied the

reaction of an 0.5% N2/Ar mixture within a uranium hollow cathode and observed both

UN and NUN. [29] Later work by Andrews and coworkers confirmed the formation of

these species obtaining NUN in greater yield [19, 20]

One portion of this thesis examines isolated actinide-containing molecules. By laser

ablating uranium metal and permitting it to come in contact with another reactant in

a noble gas matrix, a series of products form and are characterized by IR spectroscopy.

The information about the electronic structure and geometry of these systems via quan-

tum chemical calculations is then used to assign their IR spectra measured in the matrix.

In practice, all isomers that may form under experimental conditions are first studied

at the density functional (DFT) level of theory, and many possible products are consid-

ered in an initial scan. Geometry optimizations in the gas phase are performed followed

by harmonic vibrational analysis. Peak assignments are based on these modes while

further support for product formation is provided through the comparison of formation

energies for competing reactions. Experiments are performed at very low temperatures

(2-5 K); therefore, only the lowest electronic state is accessible and free energies need

not be compared.

The success of DFT in studying these species depends on the electronic structure

of that particular system. These small molecules may have low-lying excited states

arising from near degeneracies in the valence region. In these cases, multireference

methods are necessary. Given the high probability of a multiconfigurational ground

state, the standard approach has been to first select the most promising candidates using

DFT and subsequently perform complete active space self consistent field calculations

with corrections from second order perturbation theory (CASSCF/CASPT2). [30–34]

The CASSCF approach is a post-Hartree Fock method in which the user chooses a
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set of molecular orbitals and corresponding electrons, referred to as the active space.

Within the active space, the full configuration interaction (CI) expansion is allowed

accounting for all possible electronic configurations. The CI coefficients in this expansion

are optimized while simultaneously performing orbital optimization over the entire set

of orbitals. As a result, this method is not black-box and requires that a chemically

reasonable choice is made. [35]

Fortunately, some guidelines for choosing an active space have been established. [35,

36] The active space should be large enough to account for all of the configurations

attributing to the near-degeneracy of states. This likely means including all of the

orbitals in the valence space that are close in energy. In practice, one approach would be

to include all of the molecular orbitals that are linear combinations of the atomic valence

orbitals. In this case, the active space for a uranium containing system should include

the thirteen valence orbitals of uranium (7s, 6d, and 5f) along with the valence orbitals

and corresponding electrons from each ligand atom. This works well for molecules like

diatomic UN where three additional 2p orbitals from N are included along with the

13 orbitals from uranium leading to an active space with nine electrons and sixteen

orbitals (see Figure 1.2). In practice, this is not always feasible due to system size

and a truncated active space is used. It is important to emphasize that for species

with multiple bonding between the uranium and a ligand, both the 5f and 6d orbitals

can (and do) engage in covalent bonding. When required for these systems, truncating

the active space is often based on ligand field splitting. In particular, orbitals with

occupation numbers that are nearly two can be placed in the inactive space and those

with occupation numbers that are nearly zero can be taken as virtual. Specifically,

occupation numbers greater than 1.98 or less than 0.02 need not be included in the active

space. For a given active space, the ground state is determined at the CASPT2 level

although spin-orbit coupling can be included a posteriori using an effective one electron

spin-orbit Hamiltonian based on the mean field approximation of the two electron part,

the restricted active space state interaction (RASSI) approach. [37] Analysis of the

nature of the multiple bonding in the ground state can be described by computing the

effective bond order (EBO). [38] The EBO is defined as half of the difference between the

sum of the occupation numbers of the bonding orbitals minus the sum of the occupation

numbers of the antibonding orbitals. While the EBO was initially defined for metal
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dimers, the concept can be extended to species where the multiple bonding occurs

between two different atoms. [39–41] For example, referring again to Figure 1.2, the

EBO for UN is 2.87 and therefore can be described as slightly weaker than a triple

bond. In Section 2.1, the EBO is used to make comparisons between U-N multiple

bonds and U-P multiple bonds.

Figure 1.2: Select natural orbitals from the (9,16) active space of UN. Natural orbital

occupation numbers are in parentheses. The remaining active orbitals have occupation

numbers less than 0.01 and are not shown.

If feasible, CASPT2 geometry optimizations and vibrational frequency calculations

are also performed for direct comparison with experimental modes. As expected, the

absolute values of the calculated frequencies are shifted from those obtained from ex-

periment in part due to the harmonic approximation. However, the shifts observed are

often larger than expected from the harmonic approximation alone since the matrix

is not innocent in these experiments. The neon matrix has less of an effect and com-

parisons with computed spectra (e.g. gas phase) are often in good agreement. This

is not true for an argon matrix where the frequencies observed can shift significantly.

Perhaps the most cited example is the challenging linear CUO molecule. Li et al. [42]

first noted in 2002 that the stretching frequencies of CUO varied depending whether

the species was prepared in an argon or neon matrix. These differences were not small:

U–O bond stretch was 872.2 and 804.3 cm−1 and the U–C stretch was 1047.3 and 852.5

cm−1 in argon and neon respectively. What they ultimately concluded was that the
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ground state of the CUO molecule shifts from a closed shell 1Σ+ ground state to a

3Φ ground state when going from the neon matrix to the argon matrix. Subsequent

studies used CASSCF/CASPT2 and found that a definitive assignment of the CUO

ground state remained an open question. [43] This example is cited to emphasize the

inherent challenges present in studying small actinide containing systems and to stress

the importance of making careful comparisons between experimental and theoretical

results.

The importance of fundamental work in uranium coordination chemistry is discussed

in the context of the studies in Chapter 2. In section 2.1, we study reactions of laser-

ablated U atoms with P4 molecules upon condensation in excess argon. First, we find

that two stable UP4 adducts are formed that may be considered simple models for P4

activation products. Additionally, the anticipated PUP reaction product absorption

likely falls under the strong P4 precursor band. The 3Φu ground state of PU(IV)P and

the higher energy 1Σ+
g state of PU(VI)P were explored and compared with the 1Σ+

g

ground state of NU(VI)N demonstrating that the third row element, P, is less effective

for π bond formation than second row element, N. Likewise, in Section 2.2, the reactivity

of the stable NU(IV)N molecule is further explored. Terminal uranium nitrides are very

reactive, [44] and argon matrix experiments have isolated four unsupported terminal

uranium nitride molecules prior to this work UN, NUN, NUO, and NUF3. In this work,

the reactivity of NUN with hydrogen atoms under ultraviolet irradiation is explored and

shown to form the uranium(V) nitride imide molecule, N≡U=N−H. This unusual U(V)

molecule is identified through infrared spectroscopy and quantum chemical calculations

and found to contain a nitride triply bonded to uranium and a parent imine doubly

bonded to uranium.

Combined Theoretical and Experimental Studies of Oraganoactinide Com-

pounds. Although uranium coordination and multiple bonding can be explored by

stabilizing new structures within a noble gas matrix, the majority of chemistry occurs

in the condensed phase. Species that can be isolated in a noble gas matrix can often be

stabilized by a ligand field as well. Uranium-nitrogen bonding has been studied in this

work and a good example of analogies between bonding motifs in matrix studies and

synthetic organoactinide chemistry is the matrix isolated NH=UH2 species and a wide

variety of uranium imido compounds, including one from Section 3.3 (Figure 1.3). [45]
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While this chapter is about organoactinide chemistry in a broader sense, we empha-

size that lessons learned from small molecules containing actinides are not mutually

exclusive from those explored through the synthesis of organoactinide complexes.

Figure 1.3: From left to right, the UN, NH=UH2, and (Me3SiN)U(N[tButyl]Ph)3

molecules presented as examples of small actinide containing species studied in a noble

gas matrix with bonding analogous to structures synthesized in the solid state.

Additionally, the computational chemistry tools used to study small molecules can

be applied to organoactinide systems, with some small distinctions. These systems

are larger than those addressed previously and focus on different chemical problems.

The presence of the ligand field stabilizes charged metal cations which can reduce the

complexity of the electronic structure problem as fewer electrons are present in the

valence region; however, the bulk of the ligand must also be taken into account increasing

the number of atoms that must be treated. In comparison with matrix studies, much

more experimental data is available for these compounds. Single crystal X-ray diffraction

is often used to characterize the product and provides a starting point for geometry

optimizations with density functional theory. In some cases, bulky groups on the ligand

may be truncated provided they are not expected to alter the nature of the ground

state, reactivity, or bonding of interest. When truncations are made, comparisons with

the experimental structure will be used to ensure that the geometry has not changed
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dramatically as a relic of truncation in particular within the first coordination sphere

of the metal.

From DFT results, further analysis including the so-called atoms in molecules de-

veloped by Bader, Mayer bond orders, and bond energy decomposition are used to

quantify bonding interactions in particular to make comparisons between actinide and

lanthanide containing systems. [40, 46–50] These tools are often used to describe the

extent ionic or covalent interactions play a role in bonding. As was described in the pre-

vious section, multiconfigutarional methods like CASSCF/CASPT2 may be necessary

for actinide containing systems. For higher oxidation states with fewer valence electrons

DFT often performs quite well; however, performing CASSCF/CASPT2 calculations on

the DFT geometry is often useful to confirm the DFT ground state and to explore the

electronic structure in more detail. This is particularly important when multiple bond-

ing, multiple metal centers, or low-valent oxidation state states are involved. Moreover,

even for cases when the ground state is well-described at the DFT level, interpretation

of the bonding by inspection of the delocalized Kohn-Sham orbitals can lead to an over-

estimation of the covalent contributions to bonding. CASSCF natural orbitals are in

general more localized and in combination with their occupation numbers can be used

to properly characterize a multiple bond.

Actinide chemists are especially interested in distinctions between covalent and ionic

bonding as they routinely emphasize this difference between the actinides and the lan-

thanides. Lanthanides form complexes that predominantly contain trivalent cations

and follow clear size-based trends across the period. Ln-ligand bonding is dominated

by electrostatics and has negligible “covalent” interactions due to the core-like 4f or-

bitals. [51] As one moves across the lanthanides from lanthanum to ytterbium, the ionic

radii gradually decreases, an effect known as the lanthanide contraction. This leads to

changes in coordination chemistry that can be understood by size effects alone.

The actinides, on the contrary, do not follow one trend across the period and a

clear division exists between the early and late actinides. This has been attributed to

the ability of the 5f and 6d orbitals to engage in covalent bonding, particularly in the

early actinides. Thorium occurs predominantly in the (IV) oxidation state in which no

valence electrons are present. Furthermore, protactinium has drawn less research at-

tention historically since it does not exist in large quantities, although research interest
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has risen in recent years due to the role it is thought to play in a thorium based nuclear

fuel cycle. Uranium, neptunium, and plutonium form the next group of actinides. They

exist as the actinyl ions, AnO2
n+, in their highest oxidation states although they can

access a wide range of oxidation states. For example, uranium can access oxidation

states from (II) to (VI) in the solid state. Oxidation states (IV) and (VI) are the most

common and are found most often in uranium minerals although some U(V) minerals

are known. [3] For example the mineral uraninite is a U(IV) mineral composed mostly of

U(IV)O2. When uraninite comes in contact with water, the uranyl ion, UO2
2+, the pre-

dominant form of uranium in water is formed. As a result, uranyl mineral deposits are

often found on the surface of uraninite. The split between the early and late actinides

starts with americium. [52] In general, the late actinides are more lanthanide like and

form trivalent cations. [53] Both the transplutonium species and the lanthanides can act

as Lewis acids, have large ionic radii, have high coordination numbers (typically 8 or

9), and prefer interactions with hard acid donor atoms such as oxygen or carboxylate,

alkoxide, and fluoride anions. [54, 55]. In consequence, separating the higher actinides

from lanthanides is a challenging issue. [53, 56, 57] Nevertheless, exploiting subtle dif-

ferences in the bonding between the lanthanides and actinides can be used to design

chelating ligands selective for one ion over another. [1] For example, as early as 1964,

the di-(2-ethylhexyl)phosphoric acid (HDEHP) ligand was shown to extract lanthanides

much more readily than actinides from aqueous carboxylic acid solutions also containing

an aminopolycarboxylic acid chelating agent. [58] Research into separations chemistry

has continued and discussions regarding the details of these “subtle differences” between

actinides and lathanides have lead to much controversy surrounding the role 5f orbital

covalency therein. [51, 59–61] Efforts to understand these differences could make a sig-

nificant impact in modern nuclear fuel cycles where separations between Am(III) and

Cm(III) with trivalent lanthanides are required. [1]

In this work, three problems in organoactinide chemistry are addressed in Chapter 3

with special emphasis on characterizing metal-ligand bonds. First, in Section 3.1, several

systems containing heterobimetallic bonds involving one f-block element were studied

computationally. Although several other complexes were explored, specific attention

was placed on the nature of the bond between U–Re in {N(CH2CH2NSiMe3)3}URe

(η5-C5H5)2, [62] and U–Ga in [{N(CH2CH2NSiMe3)3}U{Ga(NArCH)2}(THF)], [63] in
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which π bonding interactions were suggested to be present. Through this study we

found similar bonding in all of the complexes. Moreover, no ‘true’ σ and π bonds

were present, but rather σ-type donation from the metal ligand fragment to the Ln/An

fragment. While a π-donation is possible in the system containing a U–Re bond, this

interaction is extremely weak and not expected to alter the reactivity of the species.

Alternatively, in Section 3.2, a series of lanthanide and uranium complexes with the

dimethyaminodiboranate (DMADB) ligand were studied. These volatile complexes have

high coordination numbers (from 12 to 14) and are potential precursors for chemical va-

por deposition (CVD). The size effects and strength of the M—H bonding were examined

in order to interpret experiment. Finally, in Section 3.3, XANES spectroscopy, X-ray

crystallography, and computational studies were used to study an inverse sandwich com-

pound (U-toluene-U) along with a variety of mononuclear uranium amide complexes.

While the mononuclear compounds show expected electronic and magnetic properties,

the optical and magnetic properties of the toluene-bridged compound are discussed in

this section.

Uranyl Peroxides and Solid State Actinide Compounds. Returning to the

discussion of uranium in nature, uranyl speciation and crystal chemistry are of high

interest in uranium aqueous chemistry. Mineralogists are very interested in uranyl

species since they are soluble in water and reactive. There is particular interest in the

behavior of uranyl in a peroxide rich environment, since uranyl peroxides are thought

to be an important alternation phase of spent nuclear fuel. Spent fuel releases alpha

radiation and causes water to undergo alpha radiolysis, see Equation 1.1.

H2O + α2+ → H• +HO• (1.1)

Over time, the generation of hydroxyl radicals will lead to the formation of hydro-

gen peroxide. Given the importance of understanding the most stable compounds for

long-term storage of spent fuel, researchers often turn towards mineralogy. However,

only one uranyl peroxide mineral, studtite, has been characterized. [64] Uranyl minerals

are often soluble and are shorter lived than U(IV) minerals. The transient nature of

these species has reinforced the importance of studying synthetic uranyl compounds.

Typical topologies in uranyl crystal chemistry, found both in nature and in the lab, are

chain or sheet structures. The uranyl (UO2
2+) oxo group is unreactive and therefore
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coordination occurs exclusively in the equatorial plane where typically four to six lig-

ands bind. Some framework topologies are found for uranyl compounds; however, the

three-dimensionality arises from the bridging ligand and not the uranyl coordination en-

vironment. Studtite is no exception and consists of uranyl hexagonal bipyrimids linked

in a chain topology through bridging peroxide groups with the remaining sites in the

uranium coordination sphere filled by water ligands (see Figure 1.4). [64] A synthetic

version referred to as uranyl peroxide hydrate, UO4·nH2O, can be formed under acidic

conditions.

Figure 1.4: A ball and stick representation of the chain topology of the mineral studtite,

([(UO2)O2(H2O)2]·2(H2O)). Interstitial waters are not shown in the figure. These water

molecules are present in studtite; however, metastudtite, the lower hydrated version of

the mineral, only contains water coordinated to uranyl.

In the last few years, there has been significant interest in exploring other uranyl

peroxide phases. Naturally occurring environments that contain uranium deposits that

are peroxide rich are not prevalent enough to be used as a model for long term storage

of spent fuel. Therefore, work to explore the crystal chemistry of uranyl peroxide com-

pounds in a wide range of conditions is ongoing. Burns and coworkers were the first

to synthesize a family of uranyl peroxide nanocapsules in which uranyl polyhedra are

bridged to one another through peroxide and hydroxide groups (see Figure 1.5). [65–

68] This discovery sparked interest in the solid state actinide community, since these

clusters are a significant departure from the expected chain and sheet structures. Fur-

thermore, they present the opportunity to obtain nanoscale control of the actinides. To

date, nanocapsules have been characterized containing up to 120 uranyl polyhedra in

a variety of high symmetry topologies including fullerenes and some with topological

squares. [66, 67] More recently other bridging ligands have been used such as oxalate
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or pyrophosphate allowing the synthesis of capsules at a more acidic pH. [69–73] More-

over, this self-assembly occurs in aqueous solution at ambient conditions suggesting that

these clusters, although short lived with respect to geological timescales, are likely to

exist in environmental conditions. In fact, following the Fukishima Daiichi disaster, it

was demonstrated that the combination of seawater and reactor contents could result

in a environment favorable for cluster growth [74]. Many questions remain regarding

the impact cluster formation would have on the transport of actinides in nature both

with respect to situations like Fukishima but also for storage of waste in the geological

time scale where many researchers argue that containment will ultimately fail allowing

water to come in contact with irradiated fuel. Additionally, a potential application for

these capsules in the nuclear fuel cycle has been proposed. Uranyl nanocapsules can be

formed readily when the right pH and peroxide concentrations are added to a uranium

source in water. On the contrary, peroxide reduces plutonium so it no longer exists as

an actinyl ion. Consequently, analogous plutonium capsules cannot be formed under

these conditions. Based on this difference, it has been proposed that spent nuclear fuel

could be used as the uranium source for uranyl peroxide cluster growth. Once clusters

are formed they can be size separated from the ions in solution including plutonium. It

should be noted that this separation would not isolate uranium from neutron poisons

and further separations would be needed. However, by separating the uranium without

isolating plutonium the hope is that political opposition to reprocessing would decrease.

Figure 1.5: Polyhedra representations of the U20 cluster, [(UO2)20(O2)30]
20−, the U24

cluster, [(UO2)(O2)(OH)]24
24−, and the U60 cluster, [(UO2)(O2)(OH)]60

60−. Species

present inside the cluster are not shown or included in the structural formula.
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With the wide variety of cluster topologies that have been synthesized, several

building blocks were proposed in 2010. [65, 66, 68, 75, 76] Section 4.1 in this thesis

details work on the dimeric and pentagonal building blocks, [(UO2)2(O2)(L)4]
6− and

[(UO2)5(O2)5(L)5]
10−, respectively (L = C2O4

2− or O2
2−. We found that the torsion

angle U-O2-U, see Figure 1.6, was more bent in the presence of the smaller alkali coun-

terions than in the presence of the larger counterions consistent with X-ray diffraction

data. [75] Additionally work by Miró et al. [76] explored ion pairing between the square,

pentagonal, and hexagonal building blocks of the nanoclusters. They found that the

square face preferred to have Li+ or Na+ underneath it while the pentagonal face could

readily accommodate Na+ or K+. Alternatively, they found that the hexagonal face

could adapt boat or chair conformations and binding energies were not greatly effected

by the size of the alkali ion [76].

Figure 1.6: The bent U-O2-U butterfly dihedral angle shown from the top (left) and the

side (right).

Analogous to the U24 capsule shown in Figure 1.5, a Np24 cluster has been synthe-

sized. [65] Due to the increased cost and difficulty associated with neptunium syntheses,

less synthetic effort has been undertaken; however, it is likely that a wide range of

topologies could be formed with neptunyl as well. Furthermore, the neptunyl cation

is analogous to uranyl except it can exist both as Np(V)O2
+ and Np(VI)O2

2+. As a

result, controlling neptunium speciation while varying conditions for cluster growth is

more challenging. Additionally, the oxidation state of neptunium in the Np24 cluster has

been suggested to be mixed valent; however, more work is necessary to understand the

electronic structure of these capsules. The lower charge on neptunyl (V) compared to

uranyl and neptunyl (VI) results in an interaction between ions referred to by actinide

chemists as a cation–cation interaction (CCI). This term was first coined by Sullivan
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et al. [77] after observing short distances between uranyl and neptunyl (V) in aqueous

solution. Eventually, it was discovered that the oxygen atom of one actinyl ion was

coordinating to a second actinyl ion as an equatorial ligand. Another way to think of

this interaction is that the actinide center acts as a Lewis acid while the uranyl oxgen

can act as a Lewis base. CCIs are most commonly observed in the solid state for actinyl

(V) cations although several compounds with CCIs between actinyl (VI) ions have been

reported. Understanding CCIs has important implications in separations and the crys-

tal chemistry of the actinides. For example, CCIs between neptunyl (V) and uranyl

(V) cations are important in the proposed mechanism for their disproportionation since

electron transfer can occur through the bridging oxo species.

Like the previous sections, a combination of density functional theory and wave

function-based methods can be used to obtain information about the electronic structure

and bonding. In Section 4.3, the synthesis and characterization of the first 2D neptunyl

structure stabilized by side-on cation–cation interactions is studied. In Sections 4.1 the

electronic structure of the uranyl peroxide U-O2-U dihedral angle is studied in detail

as its configuration encourages curvature and cage cluster formation. This initial study

only explored building blocks of the nanocapulse. While density functional theory has

been used to study the full uranyl peroxide nanoclusters [(UO2)20(O2)30]
−20 (U20) and

[(UO2)28(O2)42]
−28 (U28) these studies were focused on refining the understanding of

solid state structures based on single crystal X-ray diffraction. [78, 79] In order to study

the water and counterion dynamics of these capsules, a classical force field was developed

and is discussed in Section 4.2.

1.2 Organization of the Thesis

The purpose of this thesis is to report work exploring actinide containing systems rang-

ing in size from diatoms to the nanoscale. Toward this end, the thesis is divided into

three chapters based on the chemical problem of interest and the system “size”.

Chapter 2: Quantum Chemical and Matrix Isolation Studies of Small

Molecules This chapter presents quantum chemical and matrix isolation studies of

small molecules. These systems are small in size but often require the consideration of
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many electronic configurations. Three studies are included. In the first, white phos-

phorus, P4, and uranium were allowed to react under matrix conditions in an attempt

to form new uranium phosphorus multiple bonds. We show that it was not the sought

after PUP species that was formed but a UP4 compound formed by the insertion of U

into a P4 bond. Next, the reaction of U with N2/H2 mixtures to form the N≡U=NH

molecule that contains both triple and double uranium-nitrogen bonds as characterized

by the infrared spectrum and theoretical computations is included.

Chapter 3: Combined Theoretical and Experimental Studies of Oraganoac-

tinide Compounds This chapter follows a series of studies on organoactinide systems.

These systems are mid-range both in the number of atoms and the number of configu-

rations required to be treated appropriately. In this chapter, the first two sctions focus

on the differences between the lanthanides and the actinides. In Section 3.1, hetero-

bimetallic bonds containing actinides and lanthanides with transition metals is explored

to determine if multiple bonding is present in any of the cases. Section 3.2 examines

lanthanide and uranium complexes with the dimethyaminodiboranate (DMADB) lig-

and and their applications as chemical vapor deposition precursors. Finally, Section 3.3

includes an inverse sandwich complex (a uranium-arene-uranium) in comparison with

uranium complexes will well known oxidation states to understand the electronic struc-

ture of the new compound.

Chapter 4: Uranyl Peroxides and Solid State Actinide Compounds The

chapter includes work on uranyl peroxide nanocluster and other solid state actinide

compounds. These systems are most complex in the system size but in general contain

less challenging electronic structure problems. In Sections 4.1 to 4.2, the family of uranyl

peroxide nano capsules will be discussed. First, a study of the effect of counterions on

the U-O2-U dihedral angle is presented followed by a mechanistic study of the growth

of the smallest building block, (UO2)2(O2)
2+. Following the study of the dimer with

quantum mechanical methods, the next section discusses a building block approach for

the development of uranyl peroxide force field in order to study water and counterion

structure surrounding the capsules. Finally, the study of a neptunyl sheet structure

that contains a rare side-on cation-cation interaction is presented in Section 4.3.
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2.1 U and P4 Reaction Products: A Quantum Chemical

and Matrix Isolation Spectroscopic Investigation

Reactions of laser-ablated U atoms with P4 molecules upon codeposition in excess

argon gave weak new infrared absorptions at 504, 483, and 426 cm−1, which are best

identified as binary uranium phosphide UP4 species based on extensive B3LYP, BPW91,

and PBE density functional and CASSCF/CASPT2 wave function based calculations.

These UP4 adducts may be considered as simple models for P4 activation products by

ligand-supported transition and main group metal complexes. The sought-after PUP

molecule in the 3Φu ground state probably absorbs under the intense P4 precursor band

near 465 cm−1. The triplet U(IV) molecule PUP is 7 kcal/mol lower in energy than the

U(VI) analog, singlet PUP. The 3Φu ground state of PUP, with 2.54 effective bond order

computed by CASPT2, may be compared to the 1Σ+
g ground state of NtUtN with 2.87

effective bond order, where third row elements are less effective for π bond formation

than second row elements.

2.1.1 Introduction

Multiple bonding between uranium and main group elements is of considerable re-

search interest. [13–18, 80–82]. Uranium forms U=O bonds in many compounds, but

fewer U=NX, U=PX, and U=S bonds are known. Imido (An=NX), phosphinidene

(An=PX), and N-U-N molecular linkages have been prepared [14, 15, 18, 82] and sim-

ple NH=UH2, N≡UF3, P≡UF3, and US2 molecules have been produced and identified

in matrix isolation experiments and characterized by density functional theory calcu-

lations. [25, 26, 83, 84] The simple linear N≡U≡N molecule, which is isoelectronic to

the uranyl dication, has been observed only by matrix isolation spectroscopy. [19, 29]

Although the O=U=O molecule is also linear, the sulfur analog is bent, on the basis of

density functional theory calculations. [83, 85, 86] Accordingly, we set out to prepare

the analogous PUP molecule and to characterize its bonding and structure through

Reproduced from B. Vlaisavljevich, L. Gagliardi, X. Wang, B. Liang, L. Andrews, and I. Infante

Inorganic Chemistry 2010, 49, 9230–9235.

c©2010 American Chemical Society
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quantum chemical calculations, which have been effective for the triple-bond-bearing

N≡UF3 and P≡UF3 molecules. [26]

The activation of white phosphorus by early and late transition metal complexes

to incorporate phosphorus into organic molecules is an active field of research. [87–89].

In particular, terminal-P1, bridging-P2, and cyclo-P3 subunits have been included to

form new molecules. The reaction of the weakly dimerized dithallene (TlPhDipp2)2

(PhDipp2 = C6H3-2,6-(C6H3-2,6-iPr2)2) with P4 yields the thallium salt of the diaryl

tetraphosphabutadienediide. [90] Recently, osmium tetraphosphorus complexes have

been prepared where P4 tethers two different metal fragments through two phosphorus

atoms. [91] Thus, the P4 molecule is a readily available source of this element for prepar-

ing simple binary metal phosphide molecular species without supporting ligands, and

accordingly laser-ablated U atoms were reacted with P4molecules in matrix isolation

experiments. Extensive quantum chemical calculations of possible U and P4 reaction

products were performed in this combined investigation.

2.1.2 Experimental and Computational Methods

Laser-ablated U atoms were reacted with P4 in excess argon or neon during condensation

at 5 K using methods described in our previous papers. [25, 26, 83–86, 91, 92] The

Nd:YAG laser fundamental (1064 nm, 10 Hz repetition rate with 10 ns pulse width)

was focused onto a rotating uranium target (Oak Ridge National Laboratory, high

purity, depleted of 235U). The uranium target was filed to remove the oxide coating

and immediately placed in the vacuum chamber. White phosphorus was cut under

water in a glovebag and placed into a side arm separated by a Teflon needle valve: this

simple apparatus was evacuated briefly at room temperature, then P4 was evaporated

into argon or neon streams condensing on the cold window. The laser energy was varied

about 10-20 mJ/pulse. FTIR spectra were recorded at 0.5 cm−1 resolution on a Nicolet

750 with 0.1 cm−1 accuracy using a HgCdTe range B detector. Matrix samples were

annealed at different temperatures, and selected samples were subjected to photolysis

by a medium pressure mercury arc lamp (Philips, 175W) with the globe removed.

Complementary DFT calculations were performed using the Gaussian 09 program, [93]

the hybrid B3LYP and pure BPW91 and PBE density functionals, and the 6-311+G(3df)
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basis set for phosphorus atoms and the 60 electron SDD pseudopotential for ura-

nium. [94? –100] All of the geometrical parameters were fully optimized, and the

harmonic vibrational frequencies were obtained analytically at the optimized structures.

Additional wavefunction-based calculations were done using CASSCF/CASPT2 and the

ANO-RCC-VTZP basis in order to describe the multiconfigurational nature of selected

molecules and to analyze the U-P bonding in detail. [30, 33, 101] For UP, an active

space comprising nine electrons in 16 orbitals (9el/6orb) was employed. The 16 orbitals

are linear combinations of the U 7s, 6d, and 5f atomic orbitals with the P 3p atomic or-

bitals. For the PUP system, the analogous active space would have been (12el/19orbs).

However, this active space is too large to be treated with current implementations of

the CASSCF/CASPT2 code. We thus proceeded with a systematic truncation of the

active space. We removed from the active space orbitals which are either almost doubly

occupied or almost empty, and this leads us to a final active space (12el/13orb), in

analogy with our prior study on NUN. [36, 102, 103] For a systematic comparison, we

performed calculations also on NU and NUN with the same active spaces as PU and

PUP. Finally, we also calculated U(P2)2 using the (12,12) active space.

Spin-orbit coupling was included using the complete active space interaction method,

CASSI, which employs an effective one-electron spin-orbit (SO) Hamiltonian, based on

the mean field approximation of the two electronic part. [31, 37] This approach has

been successful in studying many actinide-containing systems. [104–108] Effective bond

orders, EBO, were calculated as bonding minus antibonding occupancies divided by

two.

2.1.3 Results

Infrared spectra of laser-ablated uranium atom reaction products with P4 in excess

argon and neon during condensation at 5 K will be presented in turn. Extensive density

functional and CASSCF/CASPT2 calculations were per- formed to characterize possible

reaction products, to support their identification, and to explore the bonding in new

reaction products. Weak absorptions for common species, such as P4O at 1241 cm−1

and uranium dioxide at 776 cm−1, have been identified in previous papers. [85, 86, 92]
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Infrared Spectra of UP4 Reaction Products. Representative infrared spectra

of laser-ablated uranium atom reaction products with P4 evaporating at room tempera-

ture into a condensing excess argon stream illustrated in Figure 2.1 a-d reveal the strong

P4 fundamental at 465 cm−1 with a splitting at 461 cm−1, and a weaker band at 610

cm−1 is not shown, which is the same as reported previously. [92]Weak, new absorptions

were observed at 504, 483, and 426 cm−1. The 504 cm−1 band decreased slightly on

annealing and was unchanged by >220 nm irradiation, and the latter decreased in favor

of a satellite absorption at 424 cm−1 on annealing to 22 K and then decreased on >220

nm irradiation and increased slightly on final annealing to 28 K.

Figure 2.1: Infrared spectra of uranium and P4 reaction products. (a) U and P4 code-

posited in excess argon at 5 K for 60 min, (b) after annealing to 22 K, (c) after >220

nm irradiation for 20 min, and (d) after annealing to 30 K. (e) U and P4 codeposited in

excess neon at 5 K for 60 min. The UP4 label represents structure 1, and the cyc-UP4

label represents isomer structure 7, as illustrated in Figure 2.2.
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Table 2.1: Calculated Structural Parameters and Harmonic Frequencies for UP and

UPa

molecule CASPT2 B3LYP BPW91 PBE

UP 2.38b 2.38 2.33 2.33
4Γ 484 (43) 405 (64) 425 (44) 429 (43)

PUP 2.31/180b 2.28/156 2.31/129 2.31/126
1Σg 523 (σu, 65) 485(b2, 139) 455 (b2, 59) 468 (41)

459 (σg, 0) 464(a1, 1) 431 (a1, 4) 434 (4)

142 (πu, 10 x 2) 46(a1, 23) 43 (a1, 6) 46 (5)
3Φu 2.36/180b 2.33/180 2.34/180 2.34/180

489 (σu, 7) 468(σu, 92) 457 (σu, 84) 458 (85)

427 (σg, 0) 420 (σg, 0) 412 (σg, 0) 413 (0)

131 (πu, 17 x 2) 49(πu, 30 x 2) 59 (πu, 25 x 2) 47 (28 x 2)

A similar experiment in condensing neon gave P4 absorptions at 607 and 463 cm−1

with weak new reaction product counterpart bands at 505 and 428 cm−1, which are

shown in Figure 2.1 e.

Calculations on UP, PUP, UP3, UP4 Isomers and P2,3,4. Computations were

done first at the density functional level and then with the CASSCF/CASPT2 method,

and the results are summarized in Table 2.1. While doublet, quartet, and sextet states

were explored, the ground state for UP is a Ω = 1.0 state and is dominated by quartet

states as found in CASSI calculations. The state with the largest contributions are

47% from the 4Γ; and 32% from the 4Φ states. Since theses states have the largest

contribution to the SO ground state, we calculated the fundamental frequencies for both

cases. The 4Γ and 4Φ frequencies were very close at 484 cm−1 and 481 cm−1 respectively,

both being higher with the CASSCF/CASPT2 method. A linear triplet is the ground

state for PUP, which is 7 kcal/mol lower in energy than the lowest energy [linear] singlet

at the CASSCF/CASPT2 level. Since the singlet and triplet states are close in energy,

a CASSI calculation was performed confirming that the spin-orbit ground state is a

mixture of triplets. The state described in the bonding subsection contributes to 95% of

the spin-orbit state. The B3LYP and BPW91 and PBE approximations find the triplet

lower than the singlet by 19 and 16 kcal/ mol, respectively. The important, intense

diagnostic antisymmetric P-U-P stretching fundamental for triplet PUP is calculated
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at 489, 468, and 457 cm−1 for the three methods, and the computed bond lengths are

compared in Table 2.1 and with nitrogen analogs in Table 2.2. The antisymmetric P-

U-P stretching fundamental for singlet PUP is calculated at 523, 485, and 455 cm−1 for

the three methods. Interestingly, the lowest quintet cyclic U(PP) isomer is 13 kcal/mol

lower in energy than triplet PUP at the PBE level. The cyclic isomer has 466 cm−1 (52

km/mol intensity), 314 (1), and 282 (1) frequencies and 2.538 Å U-P and 2.150 Å P-P

bond lengths. However, the quintet U(NN) triangular molecule, with 2.093 Å U-N and

1.290 Å N-N bond lengths, is 66 kcal/mol higher in energy than the observed singlet,

linear NUN molecule. [19, 29] UP3 has a quartet state pyramidal structure with the

strongest infrared fundamental computed at 475 cm−1.

Table 2.2: Comparison of Electronic States, Bond Orders, and Distances For Uranium

Pnictides

electronic effective bond distance

system state bond order in Å

PUP 3Φu 2.54 2.36

PUP 1Σ+
g 2.74 2.31

PU 4Γ 2.76 2.38

NUN 1Σ+
g 2.87 1.73

NU 4Γ 2.85 1.76

The UP4 geometries explored are illustrated in Figure 2.2. Structure 1 is the global

energy minimum in the triplet state, while the quintet state is 8-15 kcal/mol higher and

the singlet much higher. Its two strongest infrared bands are 484 cm−1 (10 km/mol)

and 420 cm−1 (15 km/mol) using the PBE functional. Next, the bicyclic U(P2)2 isomer

of UP is a C structured 3B2 state Å (U-P= 2.57 Å, P-P = 2.08 Å, P-U-P angles

104◦, 84◦) given as structures 3 in Figure 2.2, which is some 15-17 kcal/mol higher

with the strongest IR active modes at 548 cm−1 (29 km/ mol) using PBE/def-TZVPP.

Calculations were performed at the CASSCF/CASPT2 level with the ANO-RCC-VTZP

basis sets in C2v symmetry. A (12,12) active space was chosen. Singlet and triplet spin

states were considered. The ground state at the CASPT2 level was also the 3B2 state.

The cyclic-UP4 isomer, structure 7 in Figure 2.2, is 13 or 18 kcal/mol higher in energy

(Table 2.3). Geometry 5 is 22 kcal/mol higher in energy, and structures 2 and 4 have
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one imaginary frequency and are about 20 kcal/mol higher than the global minimum.

Figure 2.2: Structures considered for the reaction product of U atoms with P4.
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Table 2.3: Computed Energies for U and P4 Reaction Products

DFT: U(SDD) P(6-311+G(3df)) CAS: ano-rcc-vtzp

U + P4 → PUP + P2 B3YLP 10.7

PBE 1.2

CASPT2 10.2

U + P2 → PUP B3YLP -35.1

PBE -62.7

CASPT2 -44.8

U + P4 → UP + P3 B3YLP 40.8

PBE 22.5

CASPT2 49.3

U + P2 → UP + P B3YLP 50.9

PBE 24.3

CASPT2 32.5

U + P2 → U(PP) B3YLP -59.1

PBE -75.5

U + P3 → UP3 B3YLP -100.8

PBE -117.1

U + P4 → UP3 + P B3YLP 4.6

PBE 2.1

U + P4 → UP4 (struct. 1) B3YLP -75.1

PBE -93.1

U + P4 → UP4 (struct. 3) B3YLP -60.0

PBE -75.6

U + P4 → UP4 (struct. 7) B3YLP -62.5

PBE -74.9

For calibration the singlet P2 and P4 molecules were 24 computed using density

functional methods. The computed P2 values [B3LYP, 812 cm−1, 1.888 Å; BPW91, 782

cm−1, 1.903 Å; PBE, 784 cm−1, 1.904 Å] may be compared to those measured for the

gaseous molecule [775 cm−1, 1.894 Å] [109] and the computed P4 values [B3LYP, 607

cm−1 (a1, 0 km/mol), 460 cm−1 (t2, 0.3 x 3), 367 cm−1 (e, 0 x 2), 2.205 Å; BPW91,

599 cm−1 (a1, 0 km/mol), 459 cm−1 (t2, 0.2 x 3), 369 cm−1 (e, 0 x 2), 2.211 Å; PBE,

603 cm−1 (a1, 0 km/mol), 462 cm−1 (t2, 0.2 x 3), 372 cm−1 (e, 0 x 2), 2.208 Å] are

near those measured for the gaseous molecule [601, 466, 361 cm−1; 2.21 Å]. [110, 111]
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The P3 radical ground state has been computed to have an almost isosceles triangular

structure, and an argon matrix electronic spectrum has been assigned. [109, 110] Our

computed P3 radical 2A2 ground state values [B3LYP, 631 cm−1 (a1, 0 km/mol), 403

cm−1 (a1, 1), 218 cm−1 (b2, 34), 2.225, 2.079 Å; BPW91, 621 cm−1 (a1, 0 km/mol),

402 cm−1 (a1, 1), 267 cm−1 (b2, 31), 2.259, 2.089 Å; PBE, 624 cm−1 (a1, 0 km/mol),

405 cm−1 (a1, 1), 271 cm−1 (b2, 32), 2.257, 2.088 Å] suffer from too low IR intensity,

as a comparison with P4 illustrates.

Energetics provide a useful guide for the reactions to be expected in this system,

and energies from density functional and a few CASPT2 calculations are given in Ta-

ble 2.3, as such density functional calculations have found considerable application for

uranium bearing molecules [24, 26, 112, 113] These reaction energies are only approx-

imate, as spin-orbit coupling is not included. The most exothermic primary reaction

gives structure 1.

U + P4 → UP4 ∆E = −90kcal/mol [PBE] (2.1)

U + P2 → PUP ∆E = −60kcal/mol [PBE] (2.2)

Assignments of the Matrix Spectra. The most favorable reaction energetically

is to form the adduct structure 1 (Figure 2.2). The strongest PBE computed frequen-

cies, 484 cm−1 (10 km/mol) and 420 cm−1 (15 km/mol), are within 6 cm−1 of the argon

matrix values, and for such a complicated molecule, this agreement is sufficient to sup-

port assignment of the weak 483 and 426 cm−1 bands to structure 1. The next most

favorable reaction is to form the cyclic-UP molecule, structure 7. Its strongest calcu-

lated frequency, an antisymmetric P-P=P stretching mode, at 523 cm−1 (18 km/mol) is

slightly higher than the 504 cm−1 observed frequency, which is in the range of agreement

expected for density functional theory. [All computed frequencies for these molecules

are listed in the Supporting Information.] Thus, the best assignment for the 504 cm−1

band is the cyclic-UP4 species. The calculated P-P bond lengths for our structure 7,

2.09, 2.26, and 2.09 Å, bracket the 2.136, 2.143 Åvalues measured for the dithallium

complex. [114, 115] Finally, the U(P2)2 adduct, structure 3, which is a bisdiphospho-

rus complex, is of comparable stability, but the strongest computed antisymmetric P-P
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stretching frequency, 548 cm−1, is too far above the 504 cm−1 value to make this as-

signment. This bis-diphosphorus com- plex is of interest as no such transition metal

analogs appear to be known. [87–89]

Tetraphosphorus decomposes thermally to diphosphorus above 800 ◦C, [111] and it is

likely that vacuum ultraviolet radiation in the laser ablation plume will effect some such

photodissociation during our sample deposition. The exothermic insertion reaction 2

may contribute to the product yield, but our calculations suggest that the triplet ground

state PUP absorption probably falls under the very strong P4 precursor band where it

cannot be observed. Even the slightly more stable cyclic-UP2 isomer would probably

absorb under the P4 precursor band, based on its strongest computed frequency.

Comparison Calculations on UN and NUN. Calculations were also done for

UN and NUN for differences in first and second row element bonding with uranium.

Doublet, quartet, and sextet states were considered for NU, and 2Γ, 2Φ, 4Γ, and 4Φ

were lowest. At the CASPT2 level, 4Γ was the ground state with 4Φ 3.4 kcal/mol

higher. The converged bond length was 1.757 Åand the frequency was 1034 cm−1 (275

km/mol intensity) for the 4Γ ground UN state, which compare to 1.733 Åand 1095 cm−1

(521 km/mol), 1037(0), and 80(49) for NUN. To date, these molecules have only been

observed in solid matrices, and the frequencies compare favorably with observations

[UN, 1001 cm−1 in Ar; NUN, 1051 cm−1 in Ar and 1076 cm−1 in Ne] [19, 24, 29] and

earlier calculations. [24, 36, 85, 86, 102, 103]



29

Figure 2.3: CASPT2 molecular orbitals for the major quartet spin-orbit component of

the UP ground state plotted using an isodensity of 0.04 e au−3. Occupation numbers

are given in parentheses.
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Figure 2.4: CASPT2 molecular orbitals, (12,13) active space, for the 3Φu state of PUP

plotted using an isodensity of 0.04 e au−3. Occupation numbers are given in parentheses.
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Figure 2.5: CASPT2 molecular orbitals, (12,13) active space, for the 1Σ+
g state of PUP

plotted using an isodensity of 0.04 e au−3. Occupation numbers are given in parentheses.

Structure and Bonding in Uranium Phosphides. The bond lengths of the

small uranium phosphide molecules investigated here are given in Table 2.1. The hybrid

density functional bond lengths are longer and suggest that this functional underesti-

mates the U-P bonding. The CASSCF/CASPT2 molecular orbitals with occupation

numbers for the major quartet component of ground state UP are representative of the

ground state and are shown in Figure 2.3. The unpaired electrons are in 10 partially oc-

cupied MOs, which are localized mostly on the uranium atom. The remaining bonding

and antibonding σ and π molecular orbitals give an effective bond order (EBO) of 2.76

for 4Γ ground state of U≡P. Our computed bond lengths for UP are much closer to the

sum of double bond radii (236 pm) than triple bond radii (212 pm) given by Pyykkö et

al. [116, 117] The ground 3Φu PUP electronic state MOs are given in Figure 2.4. The

EBO is higher, 2.75, for the higher energy singlet state, than for the lower energy triplet

state, 2.54. The five bonding MOs for the triplet state are located at the bottom of

Figure 2.4, and one SOMO shown in the middle is localized on U and the other is σ

bonding. The MOs for singlet PUP are displayed in Figure 2.5 and may be compared
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with those of singlet NUN below.

Figure 2.6: CASPT2 molecular orbitals for the 4Γ ground state of UN plotted using an

isodensity of 0.04 e au−3. Occupation numbers are given in parentheses.
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Figure 2.7: CASPT2 molecular orbitals for the 1Σ+
g state of NUN plotted using an

isodensity of 0.04 e au−3. Occupation numbers are given in parentheses.

Analogous CASPT2 computations were performed on UN and NUN for reference.

The 4Γ ground state UN molecule has a 2.85 EBO, and the linear 1Σ+
g ground state

NUN molecule has almost the same EBO, 2.87. The UN molecular orbitals are plotted

in Figure 2.6: the three unpaired electrons are localized on the uranium center, σ and

π bonding MOs are occupied, and the seven highest MOs have virtually no electron

occupancy. For NUN, the σ and π bonding and antibonding MO sets are illustrated in

Figure 2.7. Both nitrides have fully developed triple bonds, which have slightly higher

effective bond orders than the phosphorus analogs.

Overall, the nitrides have a slightly higher bond order compared to the corresponding

phosphorus analogs. A close inspection of the natural orbital occupation numbers for

singlet NUN and PUP shows that the main difference between the two species concerns

the 5f π orbitals, which have an occupation number of 1.94 in the NUN case, and only

1.89 in the PUP case. The corresponding antibonding orbitals have a larger occupation

number in PUP than in NUN, which results in a slightly higher effective bond order for

the dinitride. In addition, there may be a partial loss of covalent bonding to the more
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compact uranium 5f σu and πu orbitals by the more diffuse phosphorus 3p orbitals,

compared to nitrogen 2p.

2.1.4 Conclusions

Reactions of laser-ablated U atoms with P4 molecules upon condensation in excess

argon appear to form two stable UP4 adducts, based on a comparison of calculated

and observed frequencies. The structures and relative energies of these adducts have

been explored by extensive density functional calculations. These UP4 adducts may be

considered as simple models for P4 activation products by ligand-supported transition

and main group metal complexes. [87–89, 114, 115, 115]

The anticipated triplet PUP reaction product absorption would likely be covered by

the strong P4 precursor band. The 3Φu ground state of PUP, with 2.54 effective bond

order computed by CASPT2, is a U(IV) molecule. The higher energy U(VI) 1Σ+
g state

of P≡U≡P, with a 2.75 effective bond order computed by CASPT2, may be compared

the 1Σ+
g ground state of N≡U≡N with a 2.87 effective bond order, where third row

elements are less effective for π bond formation than second row elements. The major

quartet ground state component of U≡P, which has a 2.76 effective bond order, may be

compared with the 4Γ ground state of U≡N, which has a 2.85 effective bond order. A

similar relationship with a more pronounced difference has been found for the N≡UF3

and P≡UF3 molecules with 2.78 and 2.39 EBO, respectively. [26]
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2.2 Combined Triple and Double Bonds to Uranium: The

N≡U=NH Uranimine Nitride Molecule Prepared in

Solid Argon

Reactions of laser-ablated U atoms with N2 and H2 mixtures upon codeposition in

excess argon at 5 K gave strong NUN and weak UN infrared absorptions and new bands

at 3349.7, 966.9, 752.4, and 433.0 cm−1 for the unusual new U(V) molecule N≡U=NH,

uranimine nitride, containing both triple and double bonds. This identification is based

on D and 15N isotopic substitution and comparison with frequencies computed by den-

sity functional theory for the 2∆ ground state NUNH. Calculated bond lengths are

compared to those of the 1Σ+
g ground state of U(VI) uranium dinitride N≡U≡N, the 2Φ

ground state of the isoelectronic nitride oxide N≡U=O, and the 3A ground state of the

U(IV) uranimine dihydride HN=UH2 molecule, which have all been prepared in solid

argon matrices. Mulliken bond orders based on the CASSCF orbitals for N≡U=N–H are

2.91, 2.19, and 1.05, respectively. Here, the terminal nitride is effectively a triple bond,

just as found for N≡U≡N. The solid argon matrix is a convenient medium to isolate

reactive terminal uranium nitrides for examination of their spectroscopic properties.

2.2.1 Introduction

Multiple bonding between uranium and main group elements is of considerable research

importance, owing to interest in the behavior of 5f electrons as well as nuclear fuels

and waste remediation. [13, 14, 17, 44, 81, 82, 118–121] Several ligand-supported imido

(U=NX), NUN, and UNU molecular linkages, [13, 14, 81, 82, 118, 119, 121] as well

as uranium carbene complexes, have been prepared. [17, 120] Evidence has been pre-

sented recently for a transient terminal uranium nitride complex following photolysis of

uranium azide complexes. [44] In addition, solid uranium nitrides and carbides are of

potential importance as nuclear fuel materials. [122–124]

The U≡N diatomic molecule, prepared first from a nitrogen discharge in the presence

Reproduced from X. Wang, L. Andrews, B. Vlaisavljevich, and L. Gagliardi

Inorganic Chemistry, 2011, 50, 3826–3831.

c©2011 American Chemical Society



36

of uranium metal, [29] has only been observed to date in solid argon matrices. [23, 29]

The nitrogen analog to the uranyl dication, N≡U≡N, was also prepared in this discharge

work and later through the insertion of laser-ablated U atoms into dinitrogen during con-

densation with excess argon. [19] It was also shown that near UV excitation of U atoms in

these experiments increased the yield of N≡U≡N through more reaction with N2 in solid

argon. [19] Upon condensation of U atoms and pure dinitrogen, the N≡U≡N molecule so

formed is complexed extensively to extra dinitrogen molecules. [20, 22] Subsequently, a

variety of simple new uranium-bearing molecules such as HN=UH2, N≡U=O, N≡UF3,

CH2 =UH2, and U≡C containing multiple bonds to uranium have been identified

in matrix isolation experiments and characterized through quantum chemical calcu-

lations. [24–28, 125] The linear uranium dinitride molecule N≡U≡N, which was the

first terminal uranium nitride formed by photolysis, [19] has fully developed triple bonds

based on early SCF and recent CASPT2 calculations. [41, 102, 103, 126] Although NUN

is isoelectronic with the common UO2+
2 uranyl dication, [126], and a stable species in

its own right, we wanted to examine the reactivity of NUN with other abundant ma-

terials such as hydrogen in order to prepare other derivatives of this stable molecule

under matrix isolation conditions. Hence, the reaction of laser ablated U atoms and

N2/H2 mixtures in condensing excess argon has been investigated, and we found that

some of the NUN produced reacts with H atoms to give the linear uranimine nitride

molecule NUNH. The formation and isolation of a stable molecule like NUNH in solid

argon suggests that it will be possible to prepare more ligand stabilized derivatives of

terminal uranium nitrides on a macroscopic scale.

2.2.2 Experimental and Computational Methods

Laser-ablated U atoms were reacted with N2/H2 mixtures (Matheson, 0.3 to 0.6% of

each reagent) in argon during condensation at 5 K using methods described in our

previous papers. [19, 90, 91] The Nd:YAG laser fundamental (1064 nm, 10 Hz repetition

rate with 10 ns pulse width) was focused onto a rotating uranium target (Oak Ridge

National Laboratory, high purity, depleted of 235U). The uranium target was filed to

remove surface oxide and immediately placed in the vacuum chamber. Deuterium gas

and 15N2 (Cambridge Isotopic Laboratories, 98+%) were used as received. Isotopically

scrambled dinitrogen was prepared by tesla coil discharge of 14N2 and 15N2 for 20 min
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at 10−15 Torr of pressure in a Pyrex bulb with a stainless steel valve. FTIR spectra

were recorded at 0.5 cm−1 resolution on a Nicolet 750 machine with 0.1 cm−1 accuracy

using a HgCdTe range B detector.

Quantum chemical calculations were performed using the Gaussian 09 program sys-

tem with the hybrid B3LYP and pure BPW91 density functionals, the 6-311++G(3df,3pd)

basis for H and N, and the SDD pseudopotential for U [30 electron core] [93–95, 97–

100, 127] as performed for previous uranium-bearing molecules. [123, 125, 126] Addi-

tional wave function based calculations were done using CASSCF/CASPT2 and the

ANO-RCC- VTZP basis with the MOLCAS 7.2 software in order to describe the mul-

ticonfigurational nature of NUN and NUNH and to analyze the UN bonding in de-

tail. [30, 33, 101, 128] The active space employed to describe NUN is composed of 12

electrons in 12 orbitals (12,12). This contains two σ bonding/antibonding pairs and two

sets of π bonds (in total, four π bonding orbitals and four π∗ antibonding orbitals). In

NUNH, one electron in a H 1s orbital is added, resulting in an active space of (13,13).

The same bonding and antibonding orbitals are present in NUNH as in NUN with the

addition of one nonbonding orbital localized on uranium.

2.2.3 Results and Discussion

Infrared spectra of laser ablated uranium atom reaction products with nitrogen/hydrogen

mixtures in excess argon will be presented and compared to density functional calcula-

tions of product vibrational frequencies. Multiple bonding in the new NUNH molecule

will be discussed.

Infrared Spectra. First, the infrared spectra of laser ablated uranium atom re-

action products with nitrogen in excess argon during condensation at 5 K gave strong

NUN and weak UN absorptions, as the present lower substrate temperature enabled

trapping of the diatomic molecule. [19, 29] The use of isotopically scrambled dinitrogen

again verified the symmetrical structure of the linear NUN molecule. Annealing gave

evidence for the formation of dinitrogen complexes with both NUN and UN.

Next, spectra were recorded using nitrogen/hydrogen mixtures in excess argon, and

the major products for these reagents were observed, as before (NUN at 1050.9 cm−1;

A = 0.12; the ArnH+ species at 903 cm−1; and the uranium hydrides at 1483.5, 1423.9,

1371.0, and 1182 cm−1; A = 0.005−0.015). [19, 21, 110] Uranium oxide was detected at
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819.8 cm−1. [86]

Table 2.4: Observed and Calculated Frequencies for NUNH Isotopic Molecules in the

2∆ Ground Statea
14NU14NH 14NU14ND

approx.

mode obsb B3LYPc intc BPW91d intc obsb B3LYPc intc BPW91d intc

N–H str., σ 3349.7 3530.8 38 3433.3 18 2489.2 2590.4 64 2518.9 40

N≡U str., σ 966.9 1035.4 359 993.1e 316 966.5 1035.4 359 992.9 310

U=N str., σ 752.4 784.9 304 771.7e 246 742.4 758.3 283 745.5 230

UNH def., π 433.0 425.1 190 x 2 463.8 169 x 2 321.7 129 x 2 353.5 117 x 2

NUN def., π 96.3f 65 x 2 89.0 47 x 2 93.7 61 x 2 91.2 50 x 2

15NU15NH 15NU15ND

approx.

mode obsb B3LYPc intc BPW91d intc obsb B3LYPc intc BPW91d intc

N–H str., σ 3342.1 3522.3 34 3425.0 15 2477.6 2577.9 2506.7

N≡U str., σ 936.5 1002.6 342 961.7e 302 936.0 1002.6 961.5

U=N str., σ 731.3 761.4 283 748.5e 228 722.3 737.4 724.9

UNH def., π 431.0 423.1 186 x 2 461.4 165 x 2 319.0 350.2

NUN def., π 93.5 61 x 2 89.5 47 x 2 91.1 86.8
aFrequencies and intensities are in cm−1 and km/mol. bObserved in an argon matrix. cFrequencies computed

with B3LYP/6-311+G(3df, 3pd). dFrequencies computed with BPW91/6-311+G(3df,3pd). eFrequencies

computed with BPW91 for 15-U-14-H are 961.9 and 771.2 cm−1 and for 14- U-15-H are 992.9 and 748.9 cm−1.
fCASPT2 frequencies (intensities) with no symmetry imposed: 3548 (41), 1020 (384), 787 (283), 519 (112),

303 (1590), and 79 (73).
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Figure 2.8: Infrared spectra of the major uranium, nitrogen, and hydrogen reaction

products upon codeposition in argon at 5 K. (a) U and N2/H2 (0.6% each) codeposited

in argon at 5 K for 60 min, (b) U and scrambled 14,15N2/H2 (0.6% each), (c) U and

15N2/H2 (0.3% each), (d) U and 14N2/D2 (0.3% each), and (e) U and 15N2/D2 (0.3%

each).

Important new absorptions at 3349.7, 966.9, 752.4, and 433.0 cm−1 are listed in Ta-

ble 2.4 along with their isotopic modifications. These new bands are shown in Figure 2.8

for the freshly deposited samples. The NUN band at 1050.9 cm−1 (not shown) was 4

times as strong as the new 966.9 cm−1 product absorption. Subsequent annealing to

20−30 K had little effect on these bands, but the system pressure increased as H2 was

released by the argon matrix (H2 boiling point 20.7 K). Although full arc irradiation

increased the 1050.9 cm−1 NUN band by 20−30% and destroyed the ArnH+ band, as

before, [19, 21, 110] the new product bands were not affected.

An additional uranium experiment was done with CO added (0.1%) to the argon

sample containing N2 and H2 (0.6% each), and the above new bands were observed, along

with HCO at 1863 cm−1 and weak CUO bands at 852 and 804 cm−1. [110]Annealing to

30 K increased the HCO band by 50% but left the CUO bands unchanged.
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Figure 2.9: Expanded frequency scale spectra of the NU=NH stretching mode from

uranium atom reactions with three nitrogen isotopic modifications and H2 and with N2

and HD. (a) U and 14N2/H2 (0.6% each) codeposited in argon at 5 K for 60 min, (b)

U and scrambled 14,15N2/H2 (0.6% each), (c) U and 15N2/H2 (0.3% each), (d) U and

14N2/HD (0.6% each) codeposited in argon at 5 K for 60 min, (e) spectrum recorded

after full arc irradiation for 15 min while the sample was temperature-cycled 5 to 20 to

5 K, (f) spectrum recorded after second full arc irradiation for 15 min while the sample

was temperature-cycled 5 to 20 to 5 K.

Nitrogen−15 substitution shifted the above bands to 3342.1, 936.5, 731.3, and 431.0

cm−1, confirming the involvement of nitrogen in the vibrational modes responsible for

these new absorptions. Reaction with a 14N2,
14N15N, 15N2 sample gave apparent

doublets (Figure 2.8b), indicating the major involvement of a single N atom in each

vibrational mode, but the 752.4 and 731.3 cm−1 bands shifted inward to 752.1 and 731.5

cm−1 with 14N2,
14N15N, 15N2 revealing minor coupling with a second nonequivalent N

atom (Figure 2.9b).

The new bands shifted with deuterium substitution using the D2 reagent to 2489.2,

966.5, and 742.4 cm−1 and below our range of detection. Shifted bands were also
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observed for uranium deuterides and the ArnD+ species. [21, 110] The 742.4 cm−1

deuterium product band revealed a weak satellite at 752.4 cm−1 due to the hydrogen

counterpart from background hydrogen contamination in the system (Figure 2.8d). The

742.4 cm−1 band was also detected in nitrogen experiments without added hydrogen,

and the band increased 5-fold with hydrogen added to the reagent mixture.

A final experiment was done using HD as the hydrogen-bearing reagent, and the di-

agnostic region of the spectrum is shown in Figure 2.9d. The strong bands were observed

unresolved at 966.7 cm−1, the average of the above hydrogen and deuterium values, and

a sharp doublet at 752.4 and 742.4 cm−1 , the same as the above hydrogen and deu-

terium values. The 752.4−742.4 cm−1 doublet absorption verifies the participation of a

single H (D) atom in the new product species. Next, annealing and full arc irradiation

were performed at the same time, and the spectrum in Figure 2.9e was recorded after

full arc irradiation for 15 min while the sample was cycled 5 to 20 to 5 K and the H2

pumped away, causing a temporary system pressure increase, revealed a 50% increase

in the 752.4−42.4 cm−1 doublet absorption along with the associated 966.7 cm−1 band.

A second identical treatment resulted in no system pressure increase, as presumably no

HD remained in the sample, but the 752.4−742.4 cm−1 doublet absorption increased

another 20%, Figure 2.9f.

Identification of NUNH and Vibrational Assignments. The new NUNH

molecule is identified by the four fingerprint vibrational modes described above. The

vibrational assignments are indicated by characteristic frequencies and their isotopic

shifts, as illustrated by isotopic frequency ratios, and comparison to values calculated

by density functional theory. The 3349.7 cm−1 band shifted to 2489.2 cm−1 with deu-

terium substitution (isotopic frequency ratio 1.3450), which is characteristic of a N−H

stretching mode as verified by the nitrogen-15 shift to 3342.1 ccm−1 (ratio 1.00227).

These band positions and shifts are in very good agreement with the predictions of two

density functional calculations using hybrid and pure density functionals (Table 1). The

calculated 3530.8 and 3422.3 cm−1 harmonic frequencies are 5.4 and 2.5% higher than

the observed value, which is in the range found for the B3LYP and BPW91 function-

als. [129, 130] This discrepancy is due primarily to anharmonicity in the observed band

not accounted for in the harmonic approximation used in the calculations.

Next, the 966.9 cm−1 band shifted to 936.5 cm−1 with nitrogen-15 (ratio 1.0325),
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which is almost the same as the 1.0326 ratio for diatomic UN itself. [29] This agreement

clearly identifies a terminal UN vibration. Our DFT calculations predict this mode for

NUNH to be 7.1 and 2.7% higher with the same 14/15 isotopic frequency ratio. The

lower associated 752.4 cm−1 band shifts to 731.3 cm−1 with nitrogen-15 (ratio 1.0289),

which is less, owing to the involvement of hydrogen in this mode as manifested by

the shift to 742.4 cm−1 on deuterium substitution. The DFT frequencies in this case

are 3.0% higher and 1.0% lower than the argon matrix value, and their 14/15 ratios

(1.0309, 1.0310) are slightly higher, again likely due to anharmonicity from the hydrogen

participation in this mode. As mentioned above, the reaction with 14N2,
14N15N, 15N2

gave slightly shifted doublets (Figure 2.9), indicating the major involvement of a single

N atom and the minor coupling with a second nonequivalent N atom (Figure 2.9b).

Hence, our identification of NUNH is made from the characterization of one N−H and

two different U−N stretching modes.

Finally, the linear NUNH molecule has a degenerate U−N−H bending mode, and

our DFT calculations predict this strong mode at 425.1 or 463.8 cm−1, which bracket

the observed 433.0 cm−1 argon matrix value. These calculations predict 2.0 or 2.4 cm−1

nitrogen-15 shifts, which substantiates our identification of the linear NUNH molecule

from its matrix infrared spectrum.

It is interesting to compare the NUNH frequencies computed by two density function-

als with those from the CASPT2 wave function based method. With linear symmetry

imposed, the CASPT2 stretching frequencies were 3561, 1036, and 787 cm−1, and with

no symmetry these were almost the same at 3548, 1020, and 787 cm−1, and they agree

very well with the DFT frequencies (Table 1), particularly the higher B3LYP values.

The slightly bent molecule with no symmetry gave UNH deformation frequencies of 519

and 303 cm−1, which bracket the degenerate DFT values.

Reactions Occurring in the Matrix. Our experiments have shown that the

reaction of a laser ablated, excited U atom with molecular nitrogen proceeds directly

to form NUN, reaction 1. [19] This reaction requires electronically excited uranium

because annealing to allow diffusion and potential reaction of trapped reagents does

not increase the yield of NUN, but exposure of the cold matrix sample to ultraviolet

light from a mercury arc street lamp to excite U increases the NUN signal 3-fold. [19]

This finding is in agreement with a more recent CASSCF/CASPT2 investigation of
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the U+N2 reaction path, which obtained a 25 kcal/mol barrier for this 59 kcal/mol

exothermic reaction. [103]

U∗ +N2 → NUN (2.3)

NUN∗ +H → NUNH (2.4)

In the present U/N2/H2 experiments, the most straightforward reaction to pro-

duce NUNH is for vacuum ultraviolet photolysis of H2 from the laser ablation plume

to provide H atoms for direct reaction with NUN to form NUNH during the laser

ablation/irradiation/sample deposition process, reaction 2, which is exothermic by 59

kcal/mol (B3LYP) or 40 kcal/mol (CASPT2). First, from many other investigations [131]

and matrix isolation work, [132–134] the laser ablation plume contains vacuum-UV ra-

diation, which is capable of dissociating molecular hydrogen into H atoms. [109] The

observation of ArnH+ and ArnD+ absorptions provides evidence to substantiate the

presence of both H and D atoms and high energy radiation. [92] The detection of HCO

in the CO-doped U/N2/H2 experiment and its growth on annealing [110, 135] also attest

to the formation of H atoms and their reaction in these experiments. Recall, however,

that NUNH absorptions do not increase on annealing unless annealing and irradiation

are performed simultaneously (Figure 2.9d,e,f). This suggests an energy activation for

reaction 2, and PBE/VDZP calculations have found a small 160 cal/mol barrier for re-

action 2. Interestingly, this increase of NUNH absorptions under annealing/irradiation

conditions where H2 evaporates from the argon solid, but H atoms remain, based on

earlier ESR spectra, [136] provides further evidence for the H atom reaction and casts

doubt on any contribution from the 45 kcal/mol endothermic NUN + H2 → NUNH +

H reaction.

There is apparently no significant participation of N2/H2 reaction products, as NH

and NH2 are not detected in our samples. [25, 137] Two other products might be con-

sidered, quintet U=NH and triplet HN=U=NH, but these are not observed on the basis

of frequencies calculated at the DFT level (803 cm−1 for the former product and 835

cm−1 for the latter). The lack of UNH is probably due to the production of UN signals

at less than 1% of NUN absorbance values. Apparently, the reaction of NUN and H2

does not proceed under the conditions of these experiments, and the available H atoms
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probably react with excess NUN rather than with NUNH. Furthermore, the low yield

of N atoms, based on the very small yield of UN relative to NUN, is too low to expect

any significant reaction with the UH product formed in the U and H2 reaction. [21]

Figure 2.10: Uranium atom reaction product structures and bond lengths (Å) computed

with CASPT2 (italic), BPW91 (normal type), and B3LYP calculations (bold type) for

N≡U≡N, N≡U=O, N≡U=N–H, and H2U=NH, respectively.

Multiple Bonding in NUNH. Computed bond lengths for four molecules con-

taining uranium nitrogen multiple bonds are shown in Figure 2.10 using three different

theoretical methods. The terminal nitride bond in NUNH is slightly longer than that

in NUN, and the 966.9 cm−1 stretching frequency is 63 cm−1 lower than the 1030 cm−1

average value for NUN itself. [19] The imido bond in NUNH is also slightly longer than

that in the imine, and the 752.4 cm−1 U−N stretching frequency is slightly lower than

the H2UNH imine value of 820 cm−1. [25]

The charge distributions in the NUN and NUNH molecules are very similar (CASSCF
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Mulliken partial charges are −0.25N+0.50U−0.25N and −0.29N+0.54U−0.32N+0.06H); how-

ever, the internal UN bond for NUNH is only a double bond whereas the terminal

uranium nitride bond is triple. The Mulliken bond orders based on CASSCF orbitals

are N−2.91−U−2.19−N−1.05−H and N−2.89−U−2.89−N.

Figure 2.11: Molecular orbitals for NUNH plotted using an isodensity of 0.04e au−3.

The CASPT2 orbitals for NUNH are plotted in Figure 2.11. These orbitals are very

similar to those of NUN, recently reported, [41] except for the extra electron in the U

5f orbital. It is interesting to note that the σ bonding orbital for the inside U−N bond

is extended substantially to include the N−H bond. As a consequence, it makes little

contribution to the inside U−N bond, which is a double bond from the contribution of

the four bonding orbitals over both N−U−N bonds. The CASSCF bond order for the

inside U−N bond is dominated by the 5f π and 6d π bonding orbitals. [138]



46

Figure 2.12: Comparison of σ and π bonding orbitals for NUN (top) and NUNH (bot-

tom).

The number of chemical bonds is the same in NUN and NUNH, but they are quite

different in important ways (see Figure 2.12). In NUN, the uranium nitrogen bonds

are equivalent by symmetry, but in NUNH, on the other hand, the two N−U bonds

differ by nearly a bond order because of the presence of the H atom on one side. The π

orbitals are only slightly modified because of the presence of the hydrogen atom, while

the σ bonds are significantly different. The σ1 orbital (lower left in Figure 5) is mainly

localized on the terminal N(1)−U bond and only very little on the internal U−N(2)H

bond. In contrast, the σ2 orbital is more delocalized like those in NUN.

The hydrogen atom has a slight positive partial charge of 0.06 from Mulliken popu-

lation analysis at the CASSCF and also CASPT2 level calculations.

CASPT2 frequencies were initially calculated for the structure optimized with lin-

ear symmetry. The resulting structure had an imaginary frequency and is therefore

not a minimum. Consequently, a full CASPT2 geometry optimization and subsequent

frequency calculations were performed without enforcing symmetry constraints. These

calculations gave an optimized structure that was slightly bent and had all real frequen-

cies, which is embedded below. The linear structure is 0.2 kcal/mol higher in energy

than the bent structure, but this difference in energy is very small and well within the

error associated with CASPT2 calculations. Furthermore, the qualitative appearance

of the orbitals does not change when symmetry is removed and the orbital occupa-

tion numbers and bond orders remain the same. Therefore, the structure is pliable as

opposed to “bent. Given that the minimum energy structure at the CASPT2 level is
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slightly bent, two frequencies are associated with the UNH bending motion, whereas

the symmetric structure has only one degenerate vibrational frequency (Table 1). In

solid argon, a single bending mode absorption is observed at 433.0 cm−1.

Comparisons with Bulk Uranium Nitride Complexes. The simple uranium

nitrides formed in solid argon without stabilizing ligands provide model compounds for

bulk uranium nitride complexes. The uranium dinitride NUN molecule formed by direct

insertion of excited U atoms into dinitrogen [19] has a computed triple bond length of

1.73 Å (Figure 3). This may be compared to the U=N bond length of 1.848 Å measured

for U=(N-t-Bu)2I2-(THF)2. [82] The U=Nimido bond length calculated here (1.93 Å) is

in the range of that for bulk uranium imido complexes such as Me3SiNU(N[SiMe3]2)3

(1.910 Å), [139] Me3SiNU(N t-BuAr)3 (1.937 Å), [119] and uranium imido halide com-

plexes (1.97 Å). [118]

Finally, we would like to make the point that if molecules such as NUN and NUNH

can be formed under the radiation conditions associated with the laser ablation process

and isolated in solid argon, then these stable molecules should be isolable with stabilizing

ligands at higher temperatures. Such is certainly the case for NUN. [15, 82]

2.2.4 Conclusions

The stable N≡U≡N molecule appears to react with hydrogen atoms under ultraviolet

irradiation to form N≡U=N−H, the uranium(V) nitride imide molecule. The relative

electronic energy (products minus reactants) of the reaction NUN + H → NUNH is

−40 kcal/mol at the CASPT2 level of theory. This unusual U(V) molecule is identified

by four fingerprint vibrational modes (N−H, U≡N, and Ud=H stretching and U=N−H

bending), and it contains a nitride triply bonded to uranium and a parent imine doubly

bonded to uranium. The linear structure shows that the nitrogen lone pair is involved in

π bonding orbitals. Terminal uranium nitrides are very reactive, [44] and argon matrix
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experiments have isolated five unsupported terminal uranium nitride molecules, UN,

NUN, NUO, NUF3, and NUNH, for infrared spectroscopic characterization.
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3.1 On the Nature of Actinide and Lanthanide–Metal Bonds

in Heterobimetallic Compounds

Eleven experimentally characterized complexes containing heterobimetallic bonds

between elements of the f-block and other elements were examined by quantum chem-

ical methods : [(η5-C5H5)2(THF) LuRu(η5-C5H5)(CO)2], [(η5-C5Me5)2(I)ThRu (η5-

C5H5)(CO)2], (η5-C5H5)2YRe(η5-C5H5)2], {N(CH2CH2NSiMe3)3}URe(η5-C5H5)2, [Y

Ga(NArCH)2C(PPh2N SiH3)2H(CH3OCH3)2], [{N(CH2CH2NSiMe3)3}U{Ga(NArCH)2}
(THF)], [(η5-C5H5)3UGa(η5-C5Me5)], [Yb(η5-C5H5)Si(SiMe3)3(THF)2], [(η5-C5H5)3 U

(SnPh3)], [(η5-C5H5)3U-(SiPh3)], and (Ph[Me]N)3USi(SiMe3). Geometries in good agree-

ment with experiment were obtained at the density functional level of theory. The

multi-configurational complete active space self-consistent field method (CASSCF) and

subsequent corrections with second order perturbation theory (CASPT2)were applied to

further understand the electronic structure of the lanthanide/actinide–metal (or metal–

metalloid) bonds. Fragment calculations and energy-decomposition analyses were also

performed and indicate that charge transfer occurs from one supported metal fragment

to the other, while the bonding itself is always dom nated by ionic character.

3.1.1 Introduction

Chemists have pursued the challenge of synthesizing a wide variety of metal-metal bonds

for the past fifty years with motivations ranging from fundamental interest [140–143] to

more practical applications for example, molecular wires [144] and small molecule acti-

vation. [145] Researchers have asked why stable metal-metal bonding interactions form,

what is their reactivity, and what potential uses in catalysis, metal surface chemistry,

or bioinorganic reactivity may be possible. [146] While challenging, many attempts to

isolate complexes containing main group homodinuclear metal-metal bonds have proven

successful and as a result this type of bonding is now generally well understood. [140]

In contrast, transition metal heterobimetallic metal-metal bonds are less prevalent since

Reproduced from B. Vlaisavljevich, P. Miró, C. J. Cramer, L. Gagliardi, I. Infante, and S. T. Liddle

Chemistry–A European Journal, 2011, 17 (30), 8424–8433.

c©2011 John Wiley and Sons
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they present more synthetic challenges; however, the highly ionic bonds in such com-

pounds provide opportunities for very different chemistry than are found for their ho-

mobimetallic counterparts. Heterobimetallic bonds have inequivalent metal centers. As

a result, one metal center can be tailored to be electron rich or electron deficient and

thus exploited for catalysis. [145, 147]

Moving beyond transition metals, metal-metal bonding in the f-block, as a whole, is

uncommon and offers even greater synthetic challenges, particularly for actinides. [146]

In fact, in f-element chemistry even homodinuclear metal-metal bonding has been elu-

sive, but there have been several actinide-actinide dimers reported in the gas phase. For

example, Th2 was detected both in the gas phase and in a rare gas matrix while U2 has

been detected in the gas phase but not yet isolated. [38, 107, 148–150] However, many

challenges remain regarding the preparation of molecules containing actinideactinide

bonds, particularly in moving beyond the diatom towards the synthesis of complexes

that can be characterized by single-crystal diffraction. In fact, complexes containing

homodinuclear unsupported actinide-actinide or lanthanide-lanthanide bonds have not

been observed to date, but heterobimetallic metal-metal complexes containing one f-

element have been. A comprehensive list of f-element-metal bonds was compiled by

Liddle and Mills in a recent review. [146] They categorized the systems into Ln–M

and An–M (Ln=lanthanide and An=actinide) bonds where M is a transition metal, a

Group 13, a Group 14, or a Group 15 metal or metalloid respectively (selected elements

in Groups13–15 are sometimes referred to as metalloids). However, no actinide-group

15 bonds have been observed.

Theoretical investigations can provide insight into the electronic structure of metal-

metal bonding and help with the interpretation of experiments. While it is clear that

these systems have a large ionic contribution to their bonding, the degree to which

covalent interactions may also play a role in the metal-metal bond bears consideration.

DFT calculations have been performed on several An/Ln-M systems. [62, 151–153] Two

previous DFT studies of particular interest addressed complexes containing a U–Ga

bond[18] and a U–Re bond, [62] respectively. In both cases, DFT calculations suggested

that the bonds exhibit minor but significant orbital contributions (ca. 30%); not only

was a σ-donation between metal centers observed, but visualization of the Kohn-Sham

frontier orbitals suggested the presence of weak π-donation from the metal ligands to
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uranium. These results spurred our interest in examining systems with unsupported

heterobimetallic metal-metal bonds using a high level of theory (CASSCF/CASPT2) to

provide a detailed description of the electronic structure of these interactions.

Since our interest focuses on the covalency of these inter- actions, we limited our

study to systems containing unsup- ported metalmetal bonds. We considered experi-

mentally characterized systems with an actinide or a lanthanide bond to a single tran-

sition metal, Group 13, or Group 14 element: Th–Ru, Lu–Ru, U–Re, Y–Re, U–Ga,

Y–Ga, U–Si, and Yb–Si bonds. All the systems have ligands supporting the indi-

vidual metals. While it is not a lanthanide, yttrium is classified as a rare earth ele-

ment along with scandium and the lanthanides; therefore, Y–M bonds are included in

this study. Specifically, calculations were performed for [(η5-C5H5)2(THF) LuRu (η5-

C5H5)(CO)2], [154] [(η5-C5Me5)2(I) ThRu (η5-C5H5)(CO)2], [155] (η5-C5H5)2 YRe (η5-

C5H5)2], [151] {N(CH2CH2NSiMe3)3} URe (η5-C5H5)2, [63] [YGa(NArCH)2 C(PPh2N

SiH3)2H (CH3OCH3)2], [152] [{N(CH2CH2NSiMe3)3} U{Ga(NArCH)2} (THF)], [63]

[(η5-C5H5)3UGa(η5-C5Me5)], [153] [Yb(η5-C5H5)Si(SiMe3)3(THF)2], [156] [(η5-C5H5)3

U(Sn Ph3)], [157] [(η5-C5H5)3U(SiPh3)], [158] and (Ph[Me]N)3USi(SiMe3). [159] The

ligand choice for each system is described in detail in the respective experimental pa-

pers.

For the sake of expedience, abbreviations will be used in the following discussion.

For example, [(η5-C5H5)2−C(THF)LuRu(η5-C5H5)(CO)2] will be referred to simply as

Lu–Ru. Other systems will be referred to in an analogous manner. More than one

system was studied containing a U–Si or a U–Ga bond. These will be referred to U–Si-

1, U–Si-2, U–Ga-1, and U–Ga-2. The molecules, abbreviations, and formal oxidation

states are given in Figure 3.1 and Figure 3.2. Based on the formal oxidation states, one

can predict closed shell spin states for all of the cases (with the exception of uranium

containing species). For UIII a quartet spin state is expected, while for UIV is expected

a triplet state.
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Figure 3.1: Actinide containing systems. Formal oxidation states are indicated in

superscript. Ar=2,6-dimethylphenyl, Cp*=C5Me5, DME=dimethyl ether, Ph=C6H5,

TMS=SiMe3.

Figure 3.2: Lanthanide containing systems. Formal oxidation states are indicated in

superscript. THF = tetrahydrofuran.

3.1.2 Results and Discussions

Several complexes containing either metal-lanthanide or metal-actinide bonds were stud-

ied. In choosing systems to compare, we recognize that ligand effects are extremely

important in the stability of these systems; therefore, we studied experimentally char-

acterized systems to ensure the relevance of these compounds.
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Theoretical calculations. Calculations were performed using density functional

theory (DFT) and multiconfigurational methods (CASSCF/CASPT2). [32–34]Density

functional theory (DFT) geometry optimizations of the experimentally synthesized clus-

ters were performed using the Turbomole 5.10 package [160] with the Perdew-Burke-

Ernzerhof (PBE) exchange-correlation functional [96] and triple-ζ valence plus polar-

ization (def2-TZVPP) [161] basis sets on all atoms, except for actinides and lanthanides

where the (def-TZVPP) [162] basis was used. Small core quasi-relativistic pseudopoten-

tials were used for the Th, Lu, U, Y, Yb, Ru, and Re atoms. [163, 164] The resolution

of the identity (RI) approximation was used to speed the calculation of the Coulomb

integrals. [164–166]

Multiconfigurational complete active space (CASSCF) [32] calculations followed by

second-order perturbation theory (CASPT2) [33, 34] were performed on the DFT opti-

mized geometries with the unsupported metal-metal bond distance reoptimized at the

CASPT2 level. Thus, a numerical procedure was followed according to which single-

point energy calculations were computed for structures for which the metal-metal dis-

tance was varied in 0.05 Åincrements while each supported metal fragment remained

fixed at its DFT optimized geometry. Using a second-order fit, the minimum metal-

metal bond distance was obtained. For systems where multiconfigurational effects were

negligible, energies were calculated at the second order Møller-Plesset perturbation

(MP2) [167, 168] level in place of CASSCF/CASPT2 (see below).

Scalar relativistic effects were included at the CASSCF/ CASPT2 level using the

2nd order Douglas-Kroll-Hess Hamiltonian [169] and relativistic all electron ANO-RCC

basis sets. The metals were treated with the triple-ζ quality basis set (ANO-RCC-

VTZP) [101, 170, 171] with the following contractions: In Th and U, the pri–mitive

sets were contracted to 9s8p6d4f2g1h. In Y, the contraction was 7s6p4d2f1g while in

Lu and Yb 8s7p4d3f2g1h and 8s7p4d3f2g were used, respectively. For the transition

metals, the Ru contraction was 7s6p4d2 f1g while the Re contraction was 8s7p5d3f2g.

Lastly, the Ga contraction was 6s5p3d2f1g, Sn was 7s6p4d2f1g, and Si was 5s4p2d1f.

The main group atoms bonded to the metals were treated with double-ζ basis sets,

while the peripheral atoms were treated with minimal basis sets. The ground states of

these compounds were always well separated from their lowest excited states and thus

spinorbit effects were not included.
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The CASSCF/CASPT2 and MP2 calculations were performed with the Molcas 7.4

package. [172] The computational costs arising from the two-electron integrals were dras-

tically reduced by employing the Cholesky decomposition technique [173–175] for the

CASSCF/CASPT2 level combined with the Local Exchange screening. [176] Further-

more, the CASSCF/CASPT2 approach has proven to be successful for many actinide-

containing systems. [36, 103, 105, 177]

The character of the metal-metal bond was further investigated by performing frag-

ment calculations with energy decomposition as implemented in the Amsterdam Density

Functional program (ADF2009) [50] using the local VWN exchange-correlation poten-

tial [178] and nonlocal Perdew-Burke- Ernzerhof (PBE) [96] exchange-correlation cor-

rections. A triple-ζ basis set plus two polarization functions was used and relativistic

corrections were added using the scalar relativistic zero-order regular approximation

(ZORA). [179] No core electrons were frozen.

Active space choice. The active space choice is essential in CASSCF calculations

and should include nearly degenerate orbitals in a balanced way. The molecular orbitals

in the frontier regions of these compounds consist primarily of linear combinations of

metal valence atomic orbitals. As such, we chose to include all molecular orbitals with

significant contributions from the valence orbitals of the two metals. Specifically, the

valence orbitals close in energy to the HOMO and LUMO were localized on the An/Ln

and M centers and were put into the active space (active orbitals are provided in the

Supporting Information).

The active spaces for the Lu–Ru and Th–Ru systems contain eight electrons in eight

orbitals, denoted as (8,8). Both complexes have closed-shell singlet ground states. The

eight orbitals are linear combinations of 4d and 5s orbitals on Ru and 5d and 6s orbitals

on Lu (6d and 7s for Th). The 4f orbitals on Lu are highly localized on Lu and quite low

in energy; therefore, there they were not included in the active space (a typical situation

for 4f electrons). Similarly, the active space for Y–Re contains orbitals consisting of

contributions from the Y 4d and 5s orbitals and the Re 6d and 6s orbitals, resulting

in a (6,6) active space. Since the ground state of U–Re is a triplet, the six analogous

orbitals to Y–Re were included in the active space along with two additional orbitals

localized on uranium and contain the two unpaired electrons, resulting in an (8,8) active

space. The singly occupied molecular orbitals (SOMOs) were linear combinations of U
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5f orbitals. The active spaces for U–Ga-1 and U–Ga-2 contain molecular orbitals that

are linear combinations of U 7s, 6d, and 5f, Ga 3s, and 3p orbitals. The two systems

differ in the formal oxidation state of uranium, UIV and UIII for U–Ga-1 and U–Ga-2,

respectively. For U–Ga-1, the doubly occupied orbitals were well separated from the

unpaired electrons; therefore, a (2,4) active space was used. For U–Ga-2, a (5,7) active

space was used. In this case, three orbitals are essentially singly occupied and one orbital

is nearly doubly occupied while the remaining orbitals are nearly empty. However, for

the Y–Ga system, the HOMO–LUMO gap at the HF level is very large (185 kcal/mol).

The occupied orbitals with Y contributions are much lower in energy than the HOMO.

As a result, this complex was studied exclusively with MP2 (HOMO and LUMO are

shown in the Supporting Information). Like Y–Ga, Yb–Si was also essentially single

reference and was studied with both CASSCF/CASPT2 and MP2. Only a small active

space was required and a (2,5) space composed of orbitals that are linear combinations

of Yb 6s and Si 3s and 3p orbitals was used. In fact, a (2,2) space may have been

large enough, but three additional virtual orbitals in the valence region were included

since they contained contributions from Yb and Si as well. These three orbitals had

occupation numbers very close to zero. The last two complexes studied contained U–Si

bonds, denoted U–Si-1 and U–Si-2. The active space was chosen to include orbitals

that have contributions from U 7s, 6d and 5f orbitals, Si 3s and 3p orbitals. The best

active space for the triplet ground state of U–Si-1 was a (6,6) space. For U–Si-2, the

best active space for the triplet ground state was (4,4).

CASSCF calculations were not performed for U–Sn since the energy-decomposition

results (described later in this work) gave the same bonding picture for U–Sn as with

its isostructural complex U–Si-1 and we have no reason to suspect CASSCF would

show anything different. In the subsequent CASPT2 calculations all orbitals up to the

sub-core were frozen. For example, in U–Re, there were 214 doubly occupied orbitals

not included in the active space and 104 of these orbitals were frozen in the CASPT2

calculations. In the CASSCF calculations, no orbitals were frozen.

Geometry optimization–DFT Results. Geometries were optimized at the DFT

level for all structures shown in Figure 3.1 and Figure 3.2. In general, PBE bond

distances and angles are in good agreement with experimental values. Some differences

between experimental and calculated geometries are expected to occur because the
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calculations were performed in the gas phase; however, bond distances vary at most by

0.1 Åand bond angles by 1–6◦ (see the Supporting Information for details).

Geometry optimization–CASPT2 Results. CASPT2 calculations were per-

formed on the PBE optimized geometries to further study the interactions contributing

to the Ln/An–M bonds. All of the systems studied have electronic ground states well

separated from their first excited states and in every case one configuration contributed

at least 90% towards the total CASSCF wavefunction. Specifically, the CASSCF wave-

function for Lu–Ru, Th–Ru, U–Ga-1, U–Ga-2, and U–Si-1 contain 92% one configura-

tion, while U–Si-2 is 99% one configuration. Y–Re and U–Re are 96% one configuration,

and Yb–Si has one configuration contributing 97%. Y–Ga is a closed shell singlet with

a well separated HOMO–LUMO gap. As a result, Y–Ga is, for all purposes, single-

reference and was treated with second order Møller-Plesset perturbation theory (MP2)

instead of CASPT2. For comparison, MP2 calculations were preformed for Yb–Si as

well.

While a full CASPT2 geometry optimization is not feasible, the unsupported Ln–

M, or An–M, bond distances were optimized at the CASPT2 level by the numerical

procedure described in the methods section. By optimizing the CASPT2 distance, we

can check if the qualitative description of the bonding is sensitive to small changes in

the geometry. For these systems, no significant changes were observed. The results are

given in Table 1 along with the experimental and PBE distances.
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Table 3.1: Optimized bond distances in angstroms.

Sum of the

Species PBE CASPT2 (MP2) X-ray diffraction Covalent Radii [180]

Lu–Ru 3.015 2.912 2.995 3.10

Th–Ru 3.070 2.910 3.028 3.26

Y–Re 2.998 2.983 2.962 3.17

U–Re 3.043 2.917 3.048 3.24

Y–Ga 3.119 (2.901) 3.176 2.99

U–Ga-1 3.242 N/A 3.221/3.298 3.06

U–Ga-2 3.065 3.083 3.065/3.080 3.06

Yb–Si 3.022 2.912 (2.900) 3.032 2.92

U–Sn 3.238 N/A 3.166 2.97

U–Si-1 3.106 2.965 N/Aa 2.97

U–Si-2 3.003 N/A 3.091 2.97
a No crystal isolated.

In Table 3.1, the metal-metal bond distances determined via PBE, CASPT2, and

MP2 are compared. Also included in the table are the distances determined via X-ray

diffraction [62, 63, 151–159] as well as with the sum of the covalent radii. The covalent

radii in Table 3.1 are taken from the reference by Mantina et al. [180]The authors

report two sets of covalent radii, those by Cordero et al. [181] and those by Pyykkö

and Atsumi [182] and they recommend using an average of these values. Comparison

with the sum of the covalent radii has been used as a criterion for the existence of a

direct metal–metal bond. Looking at Table 3.1, five of the Ac/Ln–M distances from

X-ray diffraction are shorter than the sum of the covalent radii while five are longer (no

crystal was iso- lated for U–Si-1). While this could suggest that these types of bonds

are borderline with respect to being single bonds, recall the uncertainty in the atomic

radii is on the order of 0.1 Å, and all the experimental bonds fall within this margin of

error. Moreover, the systems in question contain highly ionic bonds and through the

use of theory, the nature of the bonding can be further understood.

The DFT optimized metal-metal bond distances agree quite well with experiment.

The mean unsigned difference (MUD) between the X-ray and DFT distances is 0.003

Å while the MUD between CASPT2 and experiment is 0.087 Å (it should be recalled
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that at the CASPT2 level only one degree of freedom is optimized). Nevertheless, a

particularly interesting result occurred for the U–Ga-2 complex. The crystal structure

contained two geometries with U–Ga distances of 3.065 Å and 3.080 Å. Our results with

PBE gave a distance of 3.065 Å, agreeing perfectly with the first structure, while the

CASPT2 bond distance of 3.083 Å was very close to the second structure. In all of the

other structures, the PBE An/Ln–M distance was longer than the CASPT2 distance.

For the U–Re bond, the procedure used in the CASPT2 optimization was repeated with

DFT. The fully optimized DFT geometry had a U–Re distance of 3.043 Å. When only

the U–Re distance was varied, the optimized distance was 3.074 Å. Given that only

one distance is varied, the distances are in good agreement. Additionally, the energy

difference between the structure at 3.074 Å and the optimized structure is 1.1 kcal/mol.

Discussion of the CASSCF results. For homobimetallic bonds, the metal-metal

bond is necessarily covalent and often is characterized by a high bond order. For heter-

obimetallic compounds, one expects important ionic contributions to the bonding due

to differences in atomic electronegativities; however, covalent contributions to the bond-

ing may be involved as well. As a rule, the active space in multireference calculations

should contain sets of bonding and anti- bonding orbitals. In previous work, [62, 63] not

only were U– Ga-1 and U–Re characterized experimentally, they were also studied using

fragment analysis as implemented in the Amsterdam Density Functional (ADF) pro-

gram. The calculations indicated a predominantly ionic bond but noted that the orbital

interaction provides a significant contribution to the bonding. In the case of U–Ga-1,

the orbital interaction contributes 28% of the total bond energy, while in U–Re the

orbital contribution is 32%. But most notably, the DFT calculations suggested σ- and

modest π-donation from rhenium (or gallium) to uranium originating from polarization

of ligand orbitals towards uranium.

The potential existence of a π-interaction was a very exciting idea, and our objec-

tive was to further understand its significance. The CASSCF results for both U–Ga-1

and U–Re do not, however, exhibit any bonding and antibonding pairs of orbitals cor-

responding to a uranium-metal bond, but orbital interactions between the two metal

centers are observed. Unfortunately, defining these orbitals as bonds simply from the

qualitative shape of the molecular orbital is not possible. In fact, the CASSCF results

suggest that the manner in which we classify the orbital-types in highly ionic bonds
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must be approached carefully. In all cases, no pairs of bonding and antibonding orbitals

are present and it is thus difficult to talk about s or p bonds. This holds true for all of

the complexes reported in this study. Nevertheless, the lack of a s and p bond does not

conflict with the previous calculations. [107, 151] Although there are no bonding and

antibonding pairs, the previous DFT calculations suggest that orbital interactions con-

tribute about thirty percent to the total bonding energy. The covalent interactions were

described as σ and π donations. This means that an occupied orbital on one fragment

interacts with an empty orbital on the other fragment transferring electron density from

one metal to the other. For all of the systems studied, an orbital corresponding to a

σ-donation is observed. U–Ga-1 and U–Re will be discussed in more detail, but for all

of the remaining systems no significant additional orbital interactions are observed.

Figure 3.3: Select orbitals from the Y–Re and U–Re CASSCF calculations. The σ-

donating orbitals are on the left and the possible π-donating orbitals are on the right.

Turning to U–Re and its lanthanide counterpart Y–Re, the most interesting natural

orbitals from the U–Re and Y–Re CASSCF calculations are shown in Figure 3.3. The

U–Re orbital on the bottom left (occupation number 1.97) is dominated by the Re

5d2
z orbital with a small uranium contribution. An analogous orbital is also present

in Y–Re (occupation number 1.97) and both orbitals are examples of a σ-donation.
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Figure 3.3 also includes a natural orbital from both U–Re and Y–Re that is primarily

composed of the Re 5dxy orbital. This 5d orbital is oriented in the correct direction to

participate in a π-interaction; however, and in agreement with the previous calculation,

the orbital, as in the case with the σ-interaction, is mainly localized on the Re atom.

The analogous Y–Re orbital (occupation number 1.97) has no contribution for yttrium,

while the U–Re orbital (occupation number 1.96) has a small uranium contribution.

If we plot this orbital at a lower isodensity (0.02 as opposed to 0.04 electrons/volume

= electrons/bohr3) we see an increased π-like appearance; however, interpreting the

significance of this orbital is not straightforward.

Figure 3.4: Select doubly occupied orbitals from the U–Ga-1 CASSCF calculation. The

σ-donating orbital is on the left and possible π-donating orbital is on the right.

Likewise in U–Ga-1, CASSCF results showed an example of σ-donation (Figure 3.4).

Although in this system the active space contained only the orbitals corresponding to the

two unpaired electrons, larger active spaces were tested but proved to be unnecessary.

Looking at the DFT results from the previous work [151], we observe the same orbital

ordering in our inactive space as in DFT and can identify the two molecular orbitals

in our calculations that were previously described: the σ-donating orbital and possible

π-donating orbital (Figure 3.4). In this case, the p-orbital is localized on Ga and the

neighboring N atoms even at the lower isodensity value leading us to conclude that a

π-interaction is not observed at the CASSCF level.

All in all, the CASSCF results indicate that, while a π interaction is clearly not

present in U–Ga-1, it may be possible in U–Re. Since we have reoptimized the ge-

ometry, we performed additional DFT calculations, in analogy with those performed
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previously, [62, 63] to compute the energy decomposition to make further comparisons

with CASSCF and the previous studies.

Energy-decomposition analysis results.These systems are well suited to the

application of the energy-decomposition method since they are formed from individually

supported fragments. Indeed, the synthesis proceeds by combining the An/Ln fragment

and the metal fragment with the final complex formed by salt or alkane elimination. [62,

63, 146, 151, 154–156, 159] The only exception is represented by U–Ga-2 [153] where no

salt is eliminated since the two fragments are directly combined. During the fragment

analysis, each species is divided into two fragments by breaking the total complex along

the An/ Ln–M bond. For U–Ga-2, the fragments, as in the experimental fragments,

have zero charges. In the remaining systems, the fragments used in the calculation are

charged since in the experiment the fragment charges are balanced by the presence of

the counterions that lead to salt formation. In particular, during the fragment analysis

the An/Ln fragment is charged +1, while the metal fragment has a charge of –1.

Figure 3.5: σ-donation in U–Ga-1. Center: The orbital from U–Ga-1 fragment calcula-

tion with the highest percent contribution from the both the U and Ga fragments. Left:

The contributing orbital from the U fragment. Right: The contributing orbital from

the Ga fragment.
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Table 3.2: Bonding energy and charge transfer between the Ln/An and M fragments.

Species Bonding Energy (kcal.mol−1) Charge Transfer (An/Ln to M)

Th–Ru -135.3 0.88

Lu–Ru -128.6 0.67

U–Re -128.2 0.74

Y–Re -156.2 0.89

U–Ga-1 -91.3 0.53

U–Ga-2 -17.8 -0.06

Y–Ga -95.0 0.46

U–Sn -120.8 0.49

U–Si-1 -131.4 0.50

U–Si-2 -139.1 0.57

Yb–Si -109.3 0.54

The total bonding energy and the charge transfer (based on multipole expansion

charges [183]) were calculated and the results are reported in Table 3.2. All of these

systems, with the exception of U–Ga-2, show qualitatively similar bond energies. The

bonding energy in U–Ga-2 is an order of magnitude smaller than the other species;

this result is expected since, through simple Coulomb interactions, bringing a positively

charged fragment and a negatively charged fragment together should result in a substan-

tially more favorable bonding energy than the combination of two neutral fragments.

Furthermore, a charge transfer is observed showing that electron density is transferred

from the negatively charged metal fragment to the positively charged An/Ln fragment

(with the exception of U–Ga-2). The negatively charged metal fragments present lone

pair orbitals that are localized on the metal centers. Inspection of these orbitals in the

fragment calculations (see Figure 3.5), indicates lone pair orbitals that contribute to the

interactions that Liddle et al. [62, 63] described as σ-donation. Looking more closely at

U–Re, an example representative of the σ-donation present in all of the systems can be

seen (Figure 3.5). The doubly occupied orbital from the Re fragment calculation (right)

is the lone pair on Re. This lone pair interacts with the unoccupied orbital on the U

fragment (left) to form the σ-like molecular orbital (center). This qualitative picture, in

combination with the charge transfer, supports the idea that a σ-donation is occurring

in this complex. Analogous orbitals are seen in all the systems with charged fragments.
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As the final electronic structure exhibits nearly complete transfer of this charge density

to the An/Ln fragment, as opposed to retention of a dative bond, the nature of the

metal-metal interaction is more ionic than covalent.

U–Ga-2 is an exception with respect not only to the bonding energy but also to

charge transfer. The lack of charge transfer between the fragments in this compound is

a consequence of using neutral fragments during the analysis. For the other systems, a

large charge transfer is observed, as expected, since two oppositely charged fragments

are joined together. However, the nature of the bond in U–Ga-2 is the same as in

the other systems, that is, a s-donation occurs. Furthermore, the percentage of orbital

interaction in U–Ga-2 is similar to the one present in the other systems. If we used

neutral fragments for the other species, we would see almost no charge transfer as well.

Additionally, according to the CASSCF results, the orbitals in the active space are

qualitatively similar to those in the HOMOLUMO region of fragment calculations. For

these reasons, the U–Ga bond in U–Ga-2 can be considered similar to the Ac/Ln–M

bonds present in the other systems.

Returning to the presence of p-donation in U–Re and U–Ga-1, [62, 63] the previously

suggested possibility of an, albeit weak, p-donation was based on the visualization of

the Kohn-Sham frontier orbitals and the breakdown of their compositions as computed

by DFT. The fragment analysis in the current study and those referenced [62, 63] were

performed at slightly different levels of theory on different geometries. Specifically, the

fragment analysis by Liddle et al. [62, 63] was performed using the BP86 functional with

a triple-z basis set (TZP) whereas we used PBE with a triple-ζ plus two polarization-

functions (TZ2P) basis.
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Figure 3.6: U–Re HOMO-3 was plotted at isodensity values 0.03 and 0.02 for calcula-

tions performed at the PBE/TZ2P level of theory in order to compare the geometry

optimized in this work and that of Gardner et al.

Our energy-decomposition studies further supported the conclusions derived from

the CASSCF results: U–Re had some very small orbital interaction reminiscent of a

π-bond (even less than in our CASSCF results), but U–Ga-1 did not. Initially we were

concerned that our results conflicted with the previous studies, but in fact they do

not. For U–Ga-1, different models were used in the previous work and this study. The

previous work truncated the SiMe3 groups to SiH3 accounting for the difference in our

results. With the larger model (U–Ga-1) we see the same picture at the CASSCF and

DFT levels. For U–Re, the full experimental structure was studied both previously and

here, but with different levels of theory. As a comparison, we performed the fragment

analysis for U–Re at the geometry reported by Liddle et al. [62] with PBE/TZ2P and

reproduced the previous results. For the geometry optimized in this study, at an iso-

density value of 0.03 electrons/volume=electrons/bohr3, we did not observe the same

π shaped orbital as seen for the geometry from the previous work; however, if we lower
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our isodensity to 0.02 electrons/volume = electrons/bohr3 our orbitals resemble those

shown previously (see Figure 3.6). However, at the lower isodensity, we also saw or-

bitals in the other systems, like Y–Re, for example, that began to look π-like. For this

reason, we are hesitant to interpret the Kohn–Sham orbitals visually and retain our

interpretations based on the higher-level CASSCF results.

Table 3.3: Comparison between calculated geometries for U–Re from the current study

and previous work by Gardner et al.

Bond Length (Å) Current Study Calculated [62] Experiment [62]

U–Re 3.043 3.062 3.048

U–N(2) 2.260 2.322 2.283

U–N(4) 2.272 2.307 2.274

U–N(3) 2.775 2.766 2.681

angles(◦)
N(4)–U–N(2) 103.0 106.0 107.1

N(1)–U–N(2) 110.3 112.4 112.6

N(3)–U–N(2) 69.1 68.1 69.4

Re–U–N(2) 110.7 111.7 110.7

N(1)–U–N(4) 108.6 103.9 105.4

N(3)–U–N(4) 69.2 68.6 69.6

Re–U–N(4) 121.3 120.3 119.1

N(3)–U–N(1) 67.3 68.3 69.5(2)

Re–U–N(1) 102.9 102.7 101.83(16)

Re–U–N(3) 168.4 169.3 169.74(14)

As for the differences between our geometry and those previously reported, they

vary only slightly. For example, the U–Re distances in our calculation and Liddle et

al. are 3.043 and 3.062 Å respectively in comparison with the experimental distance
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of 3.0475(4) Å (see Table 3.3 for a complete comparison of the differences between our

structures). Nevertheless, it appears that the shape of the orbital corresponding to

a π-interaction is very sensitive to even small geometry changes. This supports the

previously suggested idea that the π-donation is a minor component of bonds that

are dominated by electrostatics, and therefore sensitive to small fluctuations in the

geometry; it is thus unlikely to contribute to the reactivity of the U–Re and U–Ga-

1 systems where these types of metal-metal bonds are described as elastic and easily

disturbed by crystal packing. [63]

Bonding energies cannot be uniquely described in terms of pure orbital interac-

tions (resonance); in addition, steric and electrostatic contributions must be considered.

Fragment analysis expresses the total interaction energy as shown in Equation 3.1,

∆Eint = ∆Eelectrostatic + ∆Eorbital + ∆EPauli (3.1)

in which the terms on the right-hand-side refer to electrostatic interactions, orbital

interactions, and Pauli repulsion (the energy cost associated with orthogonalizing the

various fragment orbitals as they are brought into contact with one another).
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Table 3.4: Energy decomposition performed using Equation 3.1. The percentage of the

total attractive interaction of electrostatic and orbital interactions is given in parenthe-

ses.

Repulisive Interaction Attractive Interaction

Species Pauli Repulsiona Electrostatic Interactiona Orbital Interactiona

Th–Ru 129.9 -193.4(72.9%) -71.9(27.1%)

U–Re 160.3 -201.9 (66.7%) -101.0 (33.3%)

U–Ga-1 73.7 -124.8 (75.6%) -40.2 (24.4%)

U–Ga-2 49.1 -41.0 (61.2%) -25.9 (38.8%)

U–Sn 100.2 -159.1 (72.0%) -61.9 (28.0%)

U–Si-1 99.4 -162.1 (70.2%) -68.7 (29.8%)

U–Si-2 111.7 -168.6 (67.3%) -82.1 (32.7%)

Y–Re 94.1 -171.9 (68.9%) -77.7 (31.1%)

Lu–Ru 87.8 -163.4 (75.5%) -53.0 (24.5%)

Yb–Si 59.9 -132.1 (78.1%) -37.1 (21.9%)

Y–Ga 51.5 -110.1 (75.1%) -36.4 (24.9%)
aEnergies in kcal.mol−1

The energy-decomposition results obtained using Equation 3.1 are reported in Ta-

ble 3.4. The percentage of the total attractive interaction of electrostatic and orbital

interactions is shown in parentheses and clearly indicates that the most important por-

tion of the attractive interaction is electrostatic. This means that these bonds should

be thought of as highly ionic since the ionic contributions are stronger than the orbital

contributions. However, orbital interactions are present to a nontrivial degree. While

the lanthanide containing systems have slightly smaller orbital contributions than do

the actinide containing systems, in general all of the An/ Ln–M bonds are very simi-

lar. Y–Re was described as a donoracceptor interaction by Butovskii et al. [151] In our

results, not only the Y–Re bond, but all of the Ln/An–M bonds have the same type

of donor-acceptor interaction (i.e. σ-donation). The orbital contribution to the U–Re

system is nearly the same as the Y–Re system, 33.3% and 31.1% respectively. Again,

we emphasize that these interactions are dominated by a σ-donation from the metal

ligand center to the An or Ln center in all cases.
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To further stress this point, we note that in the energy-decomposition analysis im-

plemented in ADF, a favorable orbital interaction is not always associated with a charge

transfer between the two fragments. Instead, when a strong charge rearrangement oc-

curs in one fragment as a result of its interaction with the charge distribution of the

other fragment (i.e. internal polarization), then the orbital contribution may still be

high despite there being no effective charge transfer between the two moieties. One

example of this is the U–Ga-2 complex, which shows the highest percentage of orbital

interaction but lacks significant charge transfer. This means that in this particular case,

the polarization effect not only is dominant but also is the only contribution to the sta-

bilization of the orbital interaction term upon relaxation of the U–Ga-2 total electron

density.

Topological analysis of the electron density. To further assess the character

of the chemical bonds involved in these heterobimetallic systems, we decided to apply

the quantum theory of atoms in molecules developed by Bader [46, 47] and analyze the

topology of the electron density. In AIM theory, a chemical bond exists if a line of locally

maximum electron density links two neighboring atoms (along a so-called bond path)

and a bond critical point (BCP) exists, which is defined as the minimum in the density

along the locally maximal line. At a BCP, the gradient of the electron density 1 is zero

while the Laplacian, ∇2ρ, is the sum of two negative and one positive eigenvalues of the

density Hessian matrix, and thus may have either a net positive or net negative value.

A positive Laplacian means a local depletion of charge, while a negative value is a sign

of a local concentration of charge. The latter is a strong condition for a covalent bond,

in the sense that a negative Laplacian indicates always a shared interaction of electron

density between two linking atoms, while a closed-shell interaction is associated with a

positive Laplacian, consistent with a type of bond that has moved away from covalency

due to depletion of charge at the location of the BCP. Since there exists a continuum

between a covalent and a non-covalent bond, Bianchi et al. [184] have suggested the

classification of the bond between two “closed shel” interacting atoms according also to

a second condition, the total electronic energy density at the BCP, Ee
b. This term is

defined as the sum of b the kinetic energy density, Gb, which usually dominates in a

non-covalent bond, and the potential energy density Vb, which is usually negative and

associated with accumulation of charge between the nuclei. In clear covalent bonds both
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the Laplacian and Ee are negative. In less clear cases, b where the Laplacian is slightly

positive, the value of Ee
b can be used to make a further classification of the bond, from

being slightly covalent to purely ionic/nonbonded. In this classification, with ∇2ρ ¿ 0,

if Ee
b is negative, the bond is called dative; if Ee

b is close to zero, the bond is metallic;

if Ee
b is positive, the bond can be either ionic or van der Waals.

Figure 3.7: Electron density difference between the relaxed electron density of the U–Re

supermolecule and the electron density of the separated fragments of U and Re at the

position they have in the supermolecule. A red color indicates a depletion of charge and

a blue color an increase.
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Table 3.5: Theoretical bond critical point properties for the bimetallic species studied.

All values are expressed in atomic units.

ρb ∇2ρb Gb Gb/ρb Vb Ee
b

Th-Ru 0.02271 0.02718 0.01145 0.50418 -0.004656 0.006796

U-Re 0.02659 0.04121 0.01773 0.66679 -0.007423 0.0103

U-Ga-1 0.01492 0.01275 0.005574 0.37359 -0.003189 0.002385

U-Ga-2 0.01561 0.02566 0.00862 0.55221 -0.002205 0.006415

U-Sn 0.02052 0.01193 0.005263 0.25648 -0.002982 0.002281

U-Si-1 0.02287 0.002005 0.005597 0.24473 -0.005096 0.0005013

U-Si-2 0.02469 0.006462 0.00805 0.32604 -0.001606 0.006444

Y-Re 0.02084 0.02199 0.01114 0.53455 -0.005649 0.005496

Lu-Ru 0.01809 0.0455 0.01215 0.67164 -0.000762 0.01139

Yb-Si 0.01612 0.04625 0.01189 0.73759 -0.0003323 0.01156

Y-Ga 0.01364 0.01108 0.005056 0.37067 -0.002285 0.002771

In Table 3.5 we have listed all the parameters needed for a detailed topological anal-

ysis of the chemical bond in the heterobimetallic systems considered here. The most

salient feature is that for all the complexes the density at the BCP is small and the

Laplacian is positive, indicating that in none of the cases is a covalent interaction in-

dicated. Furthermore, Ee
b is always slightly positive, suggesting that the bond can be

classified as between metallic and ionic. In Figure 3.7, we have also plotted the electron

density difference between the relaxed total electron density of the U–Re cluster and

the electron density of the isolated fragments at the position they have in the super-

molecule. The blue certifies a local depletion of charge and the red a local accumulation.

What is evident from Figure 3.6, is that approximately at the BCP between U and Re,

there is a depletion of charge, that is, the electrons move away from the center of the

bond path that links the two atoms, a clear sign that a closed-shell interaction and not

a shared interaction is occurring. Furthermore, it is also clear that there is a strong

charge rearrangement on the uranium fragment in the supermolecule as compared to

the isolated fragment. This charge rearrangement is associated with the internal polar-

ization described above for the U–Ga-2 case that exhibits an orbital interaction term

without significant charge transfer between the two initially neutral fragments.
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3.1.3 Conclusion

Several systems containing heterobimetallic bonds involving one f-block element were

studied computationally. Specifically the following molecules were investigated: [(η5-

C5H5)2(THF) LuRu (η5-C5H5)(CO)2], [154], [(η5-C5Me5)2(I) ThRu (η5-C5H5)(CO)2], [155]

(η5-C5H5)2 YRe (η5-C5H5)2], [151] {N(CH2CH2NSiMe3)3} URe (η5-C5H5)2, [62] [YGa

(NArCH)2 C(PPh2N SiH3)2H (CH3OCH3)2], [152] [{N(CH2CH2NSiMe3)3}U{Ga(NArCH)2}
(THF)], [63] [(η5-C5H5)3 UGa (η5-C5Me5)], [153] [Yb(η5-C5H5) Si(SiMe3)3 (THF)2], [156]

[(η5-C5H5)3 U (SnPh3)], [158] [(η5-C5H5)3U-(SiPh3)], [157] and (Ph[Me]N)3USi(SiMe3). [159]

Density functional calculations predict geometries in good agreement with experiment.

CASSCF/CASPT2 calculations were also performed to better understand the nature

of the interactions between the two metal centers. The CASSCF wavefunction indi-

cated that the electronic structure of these systems is not multiconfigurational, and

the CASSCF/CASPT2 and DFT results give the same description of the An/Ln–M

bond. Even though the actinides are known to have more diffuse f-electrons than the

lanthanides, the f-electrons are localized on the Ln/An center and do not engage in

bonding in any of the systems studied. Consequently, the metal-metal interaction is

qualitatively the same in all cases and no clear differences in bonding can be identified

between the 4f and 5f elements. From this perspective, the lanthanides and actinides in

these systems can be thought of as hard d-elements.

The results have demonstrated that : (i) the An/Ln–M bonds are primarily ionic;

(ii) no ‘true’ σ and π bonds are present in any of these systems, but rather σ-type

donation from the metal ligand fragment to the Ln/An fragment is seen in all cases;

(iii) a π-donation is possible in the system containing a U–Re bond, but not observed

in the other systems, which reinforces the notion, as suggested previously, that this

interaction is extremely weak and not expected to alter the reactivity of the species.
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3.2 Volatilities of Actinide and Lanthanide N,N -Dimethyl-

aminodiboranate Chemical Vapor Deposition Precur-

sors: A DFT Study

N,N -Dimethylaminodiboranate complexes with praseodymium, samarium, erbium,

and uranium, which are potential chemical vapor deposition precursors for the depo-

sition of metal boride and oxide thin films, have been investigated by DFT guided

by field-ionization mass spectroscopy experiments. The calculations indicate that the

volatilities of these complexes are correlated with the M–H bond strengths as determined

by Mayer bond order analysis. The geometries of the gas-phase monomeric, dimeric,

and trimeric species seen in field-ionization mass spectroscopy experiments were identi-

fied using DFT calculations, and the relative stabilities of these oligomers were assessed

to understand how the lanthanide aminodiboranates depolymerize to their respective

volatile forms during sublimation.

3.2.1 Introduction

Lanthanide-containing materials, such as lanthanide oxides and borides, have interesting

optical, [185–187] magnetic, [188–190] and electrical [188, 191, 192] properties that make

them useful for technological applications such as capacitors, field effect transistors,

displays, thermoelectric devices, light-emitting diodes, and lasers. For many of these

applications, defect-free thin films are necessary, and in some cases it is crucial to

deposit the films uniformly onto substrates with high aspect ratios. [193] To achieve

these results, there is much interest in developing better precursors for the chemical

vapor deposition (CVD) and atomic layer deposition (ALD) of lanthanide-containing

thin films. [194, 195]

For transition metals, some of the most volatile compounds known are homoleptic

compounds containing the borohydride ligand, BH4
−, and these have been shown to be

Reproduced from B. Vlaisavljevich, P. Miró, D. Koballa, T. K. Todorova, S. R. Daly, G. S. Girolami,

C. J. Cramer, and L. Gagliardi

Journal of Physical Chemistry C, 2012, 116, 23194–23200.

c©2012 American Chemical Society
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useful CVD precursors. [196–203] Homoleptic borohydride compounds of the lanthanides

are known but they are not particularly volatile [204–208] because their solid state

structures are polymeric. [209–211] By comparison, actinide borohydrides in the +4

oxidation state such as U(BH4)4 are reasonably volatile despite the fact that some of

them are also polymeric in the solid state. [212]

Recently, a new class of metal borohydrides has been described that contain the

N,N -dimethylaminodiboranate anion, H3BNMe2BH3
−(DMADB) (Figure 3.8). [213–

215] DMADB is a polydentate ligand capable of chelating a single metal center or

bridging between two metal centers.

Figure 3.8: Ball and stick (left) and schematic (right) structure of the N,N -dimethyl

aminodiboranate (DMADB) ligand. Color code: Nitrogen in blue, carbon in gray, boron

in bronze, and hydrogen in white.

Compared to the smaller BH4
− ligand, the DMADB ligand better saturates the

coordination sphere of large metals in lower oxidation states. [213] Consequently, lan-

thanide complexes containing DMADB ligands are among the most volatile compounds

known for these elements. [214, 216]

Several M(DMADB)3 complexes with trivalent lanthanides (all except promethium)

and an actinide (uranium) have been reported. [214–216] Because the DMADB ligand

can chelate to or bridge between two metal centers, a variety of solid-state structures

have been observed depending on the size of the M3+ ion: the coordination number

increases from 12 to 14 as the ionic radius of the metal center becomes larger. [217]

As shown in Figure 3.9, the relatively small erbium ion Er3+ (rEr = 0.89 Å) forms a

dinuclear structure, Er2(DMADB)6, in which the Er centers are linked by two bridging

DMADB ligands, each end of which forms two Er−H bonds. Additionally, each Er

center has two chelating DMADB ligands, each providing four Er−H bonds, giving a

total coordination number of 12.
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Figure 3.9: Single crystal X-ray diffraction structures. (a) Er2(DMADB)6 dimer, (b)

fragment of the Sm(DMADB)3 or UA polymeric chain, (c) fragment of the Pr(DMADB)3

or UB polymeric chain. Color code: Erbium in green, samarium/uranium in red,

praseodymium/uranium in orange, nitrogen in blue, boron in magenta, carbon and

hydrogen in gray.

For the somewhat larger samarium ion Sm3+ (rSm = 0.96 Å), all three ligands

chelate via four Sm−H bonds, but an intermolecular Sm−H bond links the Sm centers

together into a chain bringing the total coordination number to 13. In contrast, the

even larger praseodymium ion Pr3+ (rPr = 0.99 Å) is coordinated by two chelating

DMADB ligands, each of which forms four Pr−H bonds. Moreover, each Pr atom

coordinates to two additional bridging DMADB ligands that link the metal centers into

a polymeric chain. Each end of the bridging ligands forms three Pr−H bonds resulting

in a total coordination number of 14. Finally, for U(DMADB)3, two structural isomers

have been synthesized. Isomer UA is isostructural with 13-coordinate Sm(DMADB)3

and crystallizes from pentane, whereas isomer UB is isostructural with 14-coordinate
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Pr(DMADB)3 and crystallizes from toluene.

The volatility of the lanthanide DMADB complexes increases as the radius of the

metal ion decreases. Interestingly, even the polymeric lanthanide DMADB compounds

are volatile and sublime readily without significant decomposition at temperatures below

100◦C. [214] The high volatility of the polymeric compounds suggests that there is a

low barrier for depolymerization to form low molecular weight species (e.g., monomers

and dimers). In contrast, and for reasons not well understood, attempts to sublime

the isomorphous uranium analogues under identical conditions result only in thermal

decomposition at elevated temperatures. [213]

Here, we present an analysis of the electronic structures of lanthanide and uranium

DMADB complexes to identify the factors that may account for the differences in volatil-

ity. Density functional theory calculations, guided by field ionization mass spectrometry

data, were used to identify the volatile lanthanide aminodiboranate species generated

during sublimation, and to assess their relative stabilities.

3.2.2 Computational and Experimental Details

DFT calculations were performed at the PBE/def-TZVP [96, 163, 218, 219] level using

the Turbomole 5.10.2 program. [160] Scalar relativistic effects were incorporated by

employing effective core potentials (def-ECP) with 60 (U) and 28 (Er, Pr, Sm) core

electrons, respectively; [218] spin−orbit effects were not included. The resolution of

the identity approximation was introduced for the Coulomb integrals. [164, 165] In

addition, single point calculations were performed using the Gaussian09 package. [93]

As in the optimization, the PBE functional was employed. The Stuttgart/Dresden

(SDD) basis set with the ECP60MWB SEG core potential was used for U, whereas

the SDD/ECP28MWB SEG basis set was used for Sm, Pr, and Er. [218, 220] The

6-311G(d,p) basis set was used on all nonmetal centers. [221] Integral evaluation was

performed with an ultrafine grid and the nature of all stationary points was verified by

vibrational analysis, which was subsequently used to compute the zero-point vibrational

energies and molecular partition functions required to obtain thermal corrections to the

energy. Mayer bond orders (MBOs) [48, 49] were computed using the MN-GSM package

together with a locally modified version of Gaussian09. [222] MBO analysis has been

widely used to study lanthanide–ligand and actinide–ligand interactions. [112, 223, 224]
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The effect of long-range weak interactions (i.e., dispersion) between the large number

of methyl groups present in the systems was included a posteriori using the DFT-D3

package developed by Grimme. [225, 226] Standard PBE parameters with Becke and

Johnson damping functions were used. [227–229] DFT, along with the use of ECP basis

sets, has been used successfully for actinide and lanthanide containing systems. [? ]

The Ln(DMADB)3 complexes, [214, 216] where Ln=Pr, Sm, and Er, and the two

isomers of U(DMADB)3, [213, 215] were prepared as described previously. Field ioniza-

tion mass spectra (FI-MS) were recorded on a Micromass 70-VSE mass spectrometer.

The shapes of all peak envelopes correspond with those calculated from the natural

abundance isotopic distributions in the observed spectra.

3.2.3 Results and Discussion

Electronic Structure of Solid-State Uranium and Lanthanide Aminodibo-

ranates Models. Understanding the factors that affect volatility is important for

the development of practical CVD/ALD precursors. We have previously noted that

N,N -dimethylaminodiboranate (DMADB) complexes of stoichiometry M(DMADB)3

are highly volatile if the metal is a lanthanide but decompose under the same conditions

without subliming if the metal is uranium. [213–216]

To determine the reasons for the difference in behavior, we performed density func-

tional theory studies on finite size complexes. An oligomer model containing four metal

centers (part a of Figure 3.10) gave metal−hydrogen distances that agreed well with

those observed experimentally. The Er dimer was studied without truncation. For all

of the MIII(DMADB)3 species, the computed ground state is high spin as expected;

thus, each trivalent metal center has two, five, three, and three unpaired electrons for

Pr, Sm, Er, and U, respectively.
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Figure 3.10: (a) Schematic representation of the tetrameric oligomers used to model the

solid state polymeric chains. Metal centers whose distances are included in Table 3.6 are

in blue. Top: Sm4(DMADB)12 and U4(DMADB)12 (UA). Bottom: [Pr4(DMADB)13]
−

and [U4(DMADB)13]
− (UB). (b) Dimeric models used to compute Mayer bond or-

ders. Left: Sm2(DMADB)6 and U2(DMADB)6 (UA). Right: [Pr2(DMADB)7]
− and

[U2(DMADB)7]
− (UB). Metal centers whose bond orders are included in Table 3.6 are

in blue.

The optimized geometries are compared with available single crystal X-ray diffrac-

tion data in Table 1. Distances are reported for the two central metals in the truncated

chains. The experimental positions of the hydrogen atoms can be determined less accu-

rately than those of the boron atoms; however, theory gives good agreement with both

experimental M−B and M−H distances. The computed and experimental B−N−B

angles are very similar for the bridging ligands but can deviate up to two degrees for

the chelating ligands (details in the Supporting Information). This deviation is also
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observed for the Er dimer, for which a truncated model was unnecessary, and thus is

not an artifact of the model choice. The results suggest that the tetrameric oligomer is

a good model of the infinite chain, and any small deviations in the metrical parameters

are likely due to packing effects.

Table 3.6: Selected Geometric Parameters Obtained from Ground State Geometry Op-

timization; Average Distances Are Reported for the Two Central Metal Centers (Part

a of Figure 3.10) in Å; Average Individual Mayer Bond Orders Are Given along with

the Number of Such Bonds Per Metal Centera

Chelating Bridging Total Mayer

DMADB Ligands DMADB Ligands Bond Order

M–B M–B M–H M–H M–B M–B M–H M–H

M dist MBO dist MBO dist MBO dist MBO M–B M–H

Pr calcd 2.867 0.35 x 4 2.447 0.14 x 8 2.629 0.31 x 2 2.472 0.09 x 6 2.01 1.66

exptl 2.877 2.443 2.666 2.469

UB calcd 2.843 0.39 x 4 2.419 0.21 x 8 2.605 0.28 x 2 2.451 0.10 x 6 2.12 2.28

exptl 2.879 2.487 2.667 2.498

Sm calcd 2.808 0.36 x 6 2.404 0.18 x 12 3.728 b 2.592 0.10 x 1 2.16b 2.26

exptl 2.885 2.494 3.524 2.495

UA calcd 2.815 0.41 x 6 2.398 0.24 x 12 3.623 b 2.486 0.16 x 1 2.46b 3.04

exptl 2.885 2.494 3.524 2.495

Er calcd 2.723 0.36 x 4 2.335 0.22 x 8 2.684 0.44 x 2 2.324 0.20 x 4 2.32 2.56

exptl 2.756 2.366 2.735 2.303
aMBOs for dimers. Geometric parameters for the dimers are given in the Supporting Information.
bNo bond order computed for the bridging M–B interaction because a H atom is located in the bond path.

The molecular orbital picture is the same for all four metal complexes. The highest

occupied orbitals are all singly occupied (SOMOs), and consist largely of localized 4f (or

5f) atomic orbitals that do not engage in bonding. Below the SOMOs are doubly occu-

pied orbitals corresponding to delocalized bonding in the −BH3 groups of the DMADB

ligands (Supporting Information). These orbitals have little metal contribution and are

qualitatively the same for the lanthanide and uranium species. All in all, the simple

molecular orbital picture provides little if any information about why the actinide and

lanthanide DMADB complexes behave differently when heated.

Mayer bond order analyses were performed on dimeric models of the metal DMADB
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complexes (part b of Figure 3 for Pr, Sm, and U, and part a of Figure 2 for Er) to

quantify the nature of the M−H and M−B interactions (Table 3.6). Each individual

bond has a small bond order of ∼0.35 for M−B and ∼0.2 for M−H. These values are

only slightly smaller than those computed using a similar methodology for a high-spin

iron borohydride compound. [230] Whereas it may seem surprising that the M−B bond

order is larger than the M−H bond order, the molecular orbitals show that the electron

density is distributed over the entire BH3 group; therefore, it is likely that this electron

density is contributing to the M−B bond order observed. Each M−B bond should be

regarded as part of the interaction of the metal center with the entire BH3 group rather

than as a simple covalent M−B bond. For all of the compounds studied, the bond orders

tend to increase as the metal ion becomes smaller. Interestingly, the bond orders are

generally larger for the chelating ligands than for the bridging ligands suggesting that

the M−H bonds to the bridging ligands are more likely to break when the compounds are

heated. Furthermore, the difference in bond strengths between the U and isostructural

Ln analogues is evident. In particular, the total M−H bond order for UB is 0.62 larger

than for the isostructural Pr species, and the total M−H bond order for UA is 0.78

larger than for the isostructural Sm species. This result suggests that more energy will

be required to depolymerize the uranium complexes than the lanthanide analogues.

Fragmentation of the Solid-State Structures. During sublimation, the solid

polymeric M(DMADB)3 complexes must depolymerize by breaking metal-ligand bonds

to generate volatile gas-phase species. To gain insights into the energetics of these bond

breaking processes, we have carried out calculations of the energy required to remove

a DMADB ligand from negatively charged M(DMADB)4
? species to form the neutral

monomer. A schematic representation of the species examined in this study is given in

Figure 3.11.
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Figure 3.11: Schematic representation of the monomeric anions studied for M = U, Pr,

Sm, and Er.

These structures were fully optimized. In all cases, the neutral monomer is 12-

coordinate. For Pr and U, structure M1 has the same 14-coordinate geometry as seen in

the solid state for these compounds. For Er, structure M1 optimizes to a 13-coordinate

geometry instead of the 12-coordinate geometry seen in the solid state; one of the

terminal ligands is bound by means of three hydrogen bridges instead of two. For Sm

and U, M2 has a 14-coordinate environment in which the ligand that coordinates through

only one B−H−M interaction in the solid state coordinates through two interactions.

Finally, structure M3, which possesses four chelating ligands, allowed us to explore

whether such structures with higher coordination numbers are energetically accessible.

The coordination number decreases with the size of the ion: U is 15-coordinate, Pr and

Sm are 14-coordinate, and Er is 12-coordinate.

The ligand dissociation energies for M1, M2, and M3 are presented in Table 2 as

a function of the metal ion. Dispersion effects were particularly important, and were

typically on the order of 5 kcal/mol. (Note: unless otherwise specified all energies

reported in the following text are dispersion-corrected free energies, ∆GD. Table 2

gives both uncorrected ∆G and corrected ∆GD values.) In most cases, more energy

is required to remove a ligand from M3 than from M1 or M2. The data show that

the smallest ligand dissociation energy (5.7 kcal/mol) is seen for Er(DMADB)4
− versus

12.0 kcal/mol for Sm(DMADB)4
− and 17.0 kcal/mol for Pr(DMADB)4

−. Thus, it

becomes easier to form a neutral M(DMADB)3 monomer by dissociation of a ligand as

the lanthanide atom becomes smaller.
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Table 3.7: Selected Geometric Parameters Obtained from Ground State Geometry Op-

timization; Average Distances Are Reported for the Two Central Metal Centers (Part

a of Figure 3.10) in Å; Average Individual Mayer Bond Orders Are Given along with

the Number of Such Bonds Per Metal Centera

Pr Sm Er U

∆G ∆GD ∆G ∆GD ∆G ∆GD ∆G ∆GD

M1 12.9 17.0 a a 1.3 5.7 14.6 19.1

M2 a a 6.8 12.0 a a 11.8 19.1

M3 11.4 19.3 9.6 17.3 0.2 9.7 14.6 20.2
aNot computed because this structure is not related

to the experimental structure.

Despite the fact that Er3+ is the smallest lanthanide ion studied here and con-

sequently the positive charge density at the metal center in Er(DMADB)3 should be

higher than that in its Pr and Sm analogues, our results show that the higher positive

charge density does not lead to stronger metal-ligand binding as one would expect from

a classical ionic bond model. Instead, saturating the metal coordination sphere and

ligand relaxation play a key role in accounting for the observed trends. The dissociation

energies reflect the energetic cost of removing a DMADB ligand from the M3+ coordi-

nation sphere and the energy required for the resulting under-coordinated complexes to

rearrange to more favorable molecular geometries.

If we assume that these ligand dissociation energies for the M(DMADB)4
− species

are correlated with the ligand dissociation energies required to depolymerize the solid

state structures, then we would expect the volatility to increase in the order Pr < Sm

< Er, as is in fact observed experimentally. All these trends are also correlated with

the size of the lanthanide ion. The DMADB complex of the largest lanthanide in this

series (Pr), which is a 14-coordinate polymer, is the least volatile, whereas the DMADB

complex of the smallest lanthanide in this series (Er), which is a 12-coordinate dimer,

is the most volatile.

Finally, the ligand dissociation energy of 19.1 kcal/mol for the M1 and M2 struc-

tures of the U species U(DMADB)4
− is larger than those of all of the lanthanide

Ln(DMADB)4
− compounds studied. Specifically, this energy is 7.1 kcal/mol larger

than its isostructural Sm analogue and 2.1 kcal/mol larger than its isostructural Pr
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analogue. We point out that the Pr species is already the least volatile of the lanthanide

compounds, and thus the U compound should require even more energy to convert its

polymer into a monomeric form. This result is consistent with the experimental finding

that the U complex decomposes under conditions at which the lanthanide complexes

sublime.

Gas-Phase Species Present during CVD/ALD. The nature of the gas-phase

species formed upon sublimation of the M(DMADB)3 complexes has previously been in-

vestigated experimentally by positive-ion field ionization mass spectroscopy (FI-MS). [213,

214] For the larger lanthanides Pr and Sm, mononuclear, dinuclear, and trinuclear

species are detected in the FI-MS spectra; in most cases, one DMADB ligand has been

lost to form these cationic species. In contrast, for Er, only mononuclear and dinuclear

species are observed (Table 3.8).

Table 3.8: FI-MS Results for Ln(DMADB)3
a

ML+
2 ML+

3 M2L+
5 M3L+

8

mass int mass int mass int mass int

Pr 285 35 356 65 642 35 999 10

Sm 296 95 367 80 660 100 1029 10

Er 381 100 693 15
aMass is given in m/z and the relative intensity in %. [214]

These results provide insight into the species actually present in the gas phase under

CVD and ALD conditions, with the caveat that only neutral species are likely to be

present under the latter conditions. Hence, the FI-MS results were used as a start-

ing point for constructing the gas-phase models we analyzed computationally. Specif-

ically, we investigated the mononuclear species Ln(DMADB)3, the dinuclear species

Ln2(DMADB)6, and the trinuclear species Ln3(DMADB)9. Schematic representations

of the structures considered are given in Figure 3.12 (the structure of the neutral

monomer is given in Figure 4). No gas-phase structures of U(DMADB)3 or its oligomers

were investigated because this compound is not volatile.
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Figure 3.12: Gas-phase clusters studied for M = Pr, Sm, and Er. The DMADB lig-

and has been depicted schematically for simplicity. All of the structures shown are

electrically neutral.

For Pr(DMADB)3, the polymeric structure of the solid precursor can be cut to form

the trimer denoted T1, in which one of the metal centers is only 11-coordinate. It is likely

that this linear fragment will rearrange in such a way that all of the metal centers are

12-, 13-, or 14-coordinate; one possible rearranged structure is the cyclic structure T3.

In fact, we calculate that this transformation is downhill energetically by ∆GD = −9.3

kcal/mol (Table 3.9). Another possible structure is the acyclic trimer T2, and indeed

our calculations show that the T1 to T2 rearrangement is downhill energetically by

about the same amount, ∆GD = −11.7 kcal/mol. Our results demonstrate that T1 is

not present in the gas phase due to its instability with respect to both T2 and T3. For

Sm(DMADB)3, structure T2 is closely related to the experimental solid-state structure.
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Our calculations show that it is 7.0 kcal/mol more stable than structure T3.

Table 3.9: Gibbs Free Energies of Isomerization Reactions in the Gas Phase (And

Dispersion Corrected Values) Reported in kcalmol−1

Pr ∆G ∆GD

T1 → T2 -18.3 -11.7

T1 → T3 -19.8 -9.3

T2 → T3 -1.5 2.4

D1 → D2 -16.2 -21.3

D1 → D3 -21.4 -25.4

D2 → D3 -5.2 -4.1

Sm ∆G ∆GD

T2 → T3 4.0 7.0

D2 → D3 2.1 3.4

Turning to dinuclear species, we first note that structure D1 is again a fragment of

the polymeric structure seen for Pr(DMADB)3. As before, one of the metal centers is

only 11-coordinate, and rearrangement should occur to form structures such as D2 or

D3. In fact, we calculate that structure D1 is highly unstable with respect to both D2

and D3, and that conversion to the latter is downhill energetically by ∆GD = −21.3 and

−25.4 kcal/mol, respectively. For Sm(DMADB)3, structure D2 most closely resembles

the solid-state structure. Once again, our calculations show that D2 is 3.4 kcal/mol

more stable than structure D3.

Furthermore, our DFT results demonstrate that the lowest energy trimers are un-

stable with respect to decomposition into the dimer and the neutral monomer, as shown

in Table 3.10. FI-MS data support this conclusion because the relative intensities are

much lower for the trimers than for the dimers and monomers. Dispersion effects play

an important role in the stability of the dimeric species with respect to the monomeric

species for both Sm and Pr. When dispersion is accounted for, the dimers are more

stable than the monomers, although only by a few kcal/mol. In contrast, for Er the

calculations show that the monomers are more stable than the dimers by 7.6 kcal/mol.
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Table 3.10: Gibbs Free Energies (And Dispersion Corrected Values) in kcalmol−1 for

the Decomposition of Gas-Phase Clusters (M = the Neutral Monomer Ln(DMADB)3)

∆G ∆GD

Pr T3 → D3 + M -13.3 -5.4

T2 → D3 + M -14.8 -3.0

D3 → 2M -5.0 2.7

Sm T2 → D2 + M -14.2 -5.7

D2 → 2M -7.6 1.4

Er D3 → 2M -16.5 -7.6

Thus, we conclude that the Er precursor, which is a dimer in the solid state, probably

sublimes as a monomer. This finding is supported by the relative intensities of the peaks

in the FI-MS spectra: the ErL3
+ peak has a relative intensity of 100%, whereas the

Er2L5
+ peak has a relative intensity of only 15%.

The relative stabilities of the monomers and dimers are again consistent with expec-

tations based on ionic radii. Monomers are relatively more stable for smaller lanthanides

such as Er, whereas dimers are relatively more stable for larger lanthanides such as Sm

and Pr. For all three lanthanides, the monomer has a coordination number of 12, which

is equal to the experimental coordination number seen in the crystal structures for Er

but less than the coordination numbers of 13 and 14 seen for the Sm and Pr complexes.

For the larger lanthanides, the dimeric structures are favored because they permit the

ligands to form more Ln−H bonds with the metal centers.

3.2.4 Conclusions

The observed decrease in the volatility of Ln(DMADB)3 complexes with an increase in

the size of the lanthanide ion is a result of the larger energy required to break the metal-

DMADB bonds, a process that is necessary to convert the solid state species (which

are oligomers or polymers with bridging DMADB ligands). Neutral gas-phase species

from monomers to trimers were studied and long-range weak interactions (dispersion)

were found to make significant contributions to the energies of these species. The Sm

oligomers in the gas phase maintain the connectivity of the solid state, whereas the

Pr species undergo ligand rearrangement. In all cases, trimeric and dimeric structures

are unstable and readily decompose into monomers in the gas phase, and the relative
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energies of these species are correlated with their relative intensities as determined by

FI-MS. For Sm and Pr, the monomers and dimers have similar stabilities and exist in

equilibrium in the gas phase. In contrast, the Er dimer is unstable in the gas phase with

respect to the neutral monomer. Mayer bond orders demonstrated that the M−H bonds

are stronger for the uranium species than their lanthanide analogues, which explains

why U(DMADB)3 decomposes rather than sublimes when it is heated.
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3.3 Investigations of the Electronic Structure of Arene-

Bridged Diuranium Complexes

The electronic structure of the arene-bridged complex (µ-toluene)U2(N[tBu]Ar)4

(1a2-µ-toluene, Ar = 3,5-C6H3Me2) has been studied in relation to a variety of mononu-

clear uranium amide complexes, and their properties have been discussed comparatively.

The syntheses, molecular structures (X-ray crystal structures and solution behavior

based on variable-temperature NMR spectroscopic data), and corresponding spectro-

scopic (X-ray absorption near-edge structure and UV-vis-near-IR absorption) and mag-

netic properties are presented and interpreted with reference to results of density func-

tional theory (DFT) and complete active space self-consistent field with corrections from

second-order perturbation theory (CASSCF/CASPT2) calculations performed on model

compounds. While the mononuclear compounds display expected electronic and mag-

netic properties for uranium complexes, 1a2-µ-toluene shows complicated properties in

contrast. XANES spectroscopy, X-ray crystallography, and both density functional and

CASSCF/CASPT2 results are consistent with the following electronic structure inter-

pretation: f orbitals host the unpaired electrons, followed energetically by two δ bonds

formed by filled uranium f orbitals and LUMOs of toluene.

3.3.1 Introduction

Arene-bridged complexes constitute a general bonding motif for organouranium com-

pounds featuring benzene/toluene, [12, 231–238] naphthalene, [239] biphenyl, [240] cy-

cloheptatrienyl, [241, 242] or cyclo-octatetraene [239] as the bridging arene ligand. In

most cases, as well as in actinocene complexes, δ bonding [243] between f orbitals of

uranium and ligand LUMOs (lowest unoccupied molecular orbitals) of the appropriate

symmetry is considered to play a major role. [12, 231, 234] Like π bonding in transition-

metal chemistry, δ bonding may be key to understanding uranium complexes; however,

Reproduced from B. Vlaisavljevich, P. L. Diaconescu, W. L. Lukens, Jr., L. Gagliardi, and C. C.

Cummins

Organometallics 2013, 32, 1341–1352.

c©2013 American Chemical Society
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the electronic structures of arene-bridged diuranium complexes have rarely been inves-

tigated beyond the usual techniques. [12, 234]

Amide ligands have become ubiquitous in transition-metal chemistry, [244–247] and

they also proved successful in supporting interesting actinide complexes. [9, 11, 121,

235, 247–256] Their versatility is largely based on the tunability of electronic and steric

properties that takes advantage of the ability to modify the two substituents of the

nitrogen donor. [244, 257] These properties allowed the isolation and characterization of

arene-bridged diuranium complexes in which the arene is either toluene or benzene. [231]

The focus of this report is to investigate the electronic structure of the arene-

bridged complex (µ-toluene)U2(N[tBu]-Ar)4 (1a2-µ-toluene, Ar = 3,5-C6H3Me2) by

comparison with the mononuclear complexes (THF)U(N[Ad]Ar)3 (2b-THF, Ad = 1-

adamantyl, THF = tetrahydrofuran), IU(N[tBu]Ar)3 (2a-I), IU(N[Ad]Ar)3 (2b-I), and

(Me3SiN)U(N[Ad]Ar)3 (2b-NSiMe3), such that a range of uranium formal oxidation

states is surveyed. In order to understand the properties of a unique compound such as

1a2-µ-toluene, the rest of the series is based on classical uranium amide compounds, for

which there is no ambiguity about the oxidation state. The syntheses, molecular struc-

tures (X-ray crystal structures and solution behavior based on variable-temperature

NMR spectroscopic data), and corresponding spectroscopic (X-ray absorption near-

edge structure and UV-vis-near-IR absorption) and magnetic properties are discussed

and interpreted with reference to results of computational studies performed on model

compounds; X-ray absorption near-edge structure (XANES) spectroscopic characteri-

zation of arene-bridged diuranium complexes has not been reported previously.

3.3.2 Results and Discussion

Syntheses and X-ray Crystal Structures. The synthesis of compound 1a2-µ-

toluene and the X-ray crystal structure of the related (µ-toluene)U2(N[Ad]Ar)4 (1b2-µ-

toluene) as well as reactivity studies have been reported previously. [231] Scheme 1 (Fig-

ure 3.13) describes the syntheses of all the complexes discussed here. UI(THF) [258, 259]

is a versatile starting material and can be [81] employed to obtain tris(amido)uranium

iodide complexes 2a-I and 2b-I or can be used to generate 1a2-µ-toluene and textbf2b-

THF directly. In general, compounds based on the N-tert-butylanilide ligand are
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more lipophilic and, in practice, are less crystalline than compounds based on the N-

adamantylanilide ligand.

Figure 3.13: Syntheses of uranium complexes discussed in the text

Reduction of the tris(amido)uranium iodide compounds affords either arene-bridged

diuranium complexes, when the arene is used as a solvent, [231] or uranium tris(amide)

complexes with a molecule of THF coordinated to the uranium center, when THF is

used as a solvent. [250] Finally, 2b-NSiMe3 is obtained from the reaction of Me3SiN3

with 2b-THF, which can be generated in situ or isolated prior to the reaction (eq 1).

The formulation of these compounds was verified by X-ray crystallography (Fig-

ures 3.14–3.16). A metrical parameter present throughout the entire series is the dis-

tance U-Namide(av). This distance of 2.334(13) Åin 1b2-µ-toluene is slightly shorter

than the 2.346(9) Åfound for 2b-THF (Figure 1); both values are ca. 0.1 Ålonger than

the corresponding distances in 2b-I (Figure 2) and 2b-NSiMe3 (Figure 3.16), at 2.204(9)

and 2.245(7) Å, respectively. The trend observed here is in good agreement with the

results of XANES experiments (see below), which show that the effective charges on

the uranium center are similar for 1a2-µ-toluene and uranium(III) compounds, on one
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hand, and for 2b-I and 2b-NSiMe3, on the other hand.

Figure 3.14: Structural drawing of 2b-THF with thermal ellipsoids at the 35% prob-

ability level and hydrogen atoms omitted for clarity. Selected distances (Å): U–N(av),

2.346(9); U–O, 2.489(5).

Figure 3.15: Structural drawing of 2b-I with thermal ellipsoids at the 35% probability

level and hydrogen atoms omitted for clarity. Selected distances (Å): U–N(av), 2.204(9);

U–I, 3.0682(4).
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Figure 3.16: Structural drawing of 2b-NSiMe3 with thermal ellipsoids at the 35%

probability level and hydrogen atoms omitted for clarity. Selected distances (Å): U–

Namide(av), 2.245(7); U–Nimide, 1.943(4).

The structure of 2b-NSiMe3 (Figure 3.16) distinguishes itself by the U–Nimide dis-

tance of 1.943(4) Å, which is ca. 0.3 Åshorter than the average U–Namide distance

(2.245(7) Å) in the same compound. Short U–Nimide distances and angles close to 180◦

at Nimide (170.1(13)◦ in 2b-NSiMe3) have been associated with multiple-bond character

between the uranium center and the imide nitrogen atom, [81] in accordance with our

findings from CASSCF calculations on a model compound (see Computational Results).

The structure of 1b2-µ-toluene features an average distance of 2.594(30) Åbetween

uranium and the carbon atoms of the bridging toluene molecule that is similar to those

in other toluene- or benzene-bridged diuranium complexes. [12, 234] These values are

among the shortest such distances registered for carbon atoms of arenes coordinated to

uranium centers. For example, the average U–C distance is 2.647(10) Åin uranocene,

U(η8-C8H8)2, [260] and 2.807(18) Åin U(η5-C5H5)4, [261] while in benzene complexes

such as U(η6-C6Me6)-(BH4)3 [262] and U(η6-C6H5Me)(AlCl4)3, [263] the average U–C

distance is significantly longer: 2.93(2) and 2.94(1) Å, respectively. The average C–C

distance of 1.438(13) Åfor the bridging toluene in 1b2-µ-toluene is ca. 0.04 Ålonger

than the corresponding distances in free toluene. [264] In complexes of toluene such

as K(18-crown-6)(toluene), [265] C–C distances average 1.398(21) Å. The longer C–C
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distances for 1b2-µ-toluene in comparison to those found in free toluene or toluene

radical anion are consistent with a substantial covalent overlap between filled uranium f

orbitals and LUMOs of the bridging toluene, as found from DFT calculations on model

compounds. [231] Furthermore, high-level CASSCF calculations support this conclusion

(see Computational Results).

NMR Spectroscopy Studies on 1a2-µ-toluene: Probing Stability and Flux-

ionality. 1H NMR analysis showed that the bridging toluene in 1a2-µ-toluene exchanges

slowly with C6D6 (5% exchange in 24 h) at room temperature. Since 1a2-µ-toluene is

thermally stable, [231] arene exchange was also studied at higher temperatures. Prelim-

inary results show that the bridged toluene exchanges with C6D6 faster than the bridged

benzene in (µ-benzene)U2(N[tBu]Ar)4 (1a2-µ-benzene) [231] exchanges with toluene-d8.

Furthermore, the bridging toluene did not exchange with p-xylene over a 24 h period.

These results are similar to those reported by Evans et al. [12] and show an opposite

trend from that found for transition-metal complexes. [266] For transition-metal com-

plexes, the bond between the HOMOs all of the protons of the molecule. Although the

graphs for the protons belonging to the bridging toluene are slightly curved, those for

the amide protons are linear, indicating Curie–Weiss behavior. [267] This finding sug-

gests that the dinuclear compound is the only species in solution detectable by NMR

spectroscopy.
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Figure 3.17: Plot of δ versus 1/T for 1a2-µ-toluene.

Electronic Spectra. Electronic spectra of uranium complexes are usually compli-

cated due to the splitting by ligand-field and spin-orbit coupling of a multitude of states

derived from fn configurations. The electronic spectra are comprised of f → f, f → d,

and charge-transfer bands. Usually, bands are assigned on the basis of the magnitude of

the molar absorption coefficient and the position of a band in a spectrum. [258, 268–270]

Therefore, for the compounds discussed here, bands present in the UV region (200?400

nm), due to their high intensity (ε ≈ 105 M−1 cm−1), can be assigned to π → π∗

transitions of the arene rings (see the Supporting Information, Figures SX5 and SX6).

Additionally, intense absorption bands present in the visible region (400?800 nm) that

have (ε ≈ 103 M−1 cm−1 could be either f → d or charge-transfer transitions (Figures

SX5 and SX6).

The most interesting region of the electronic spectra for uranium compounds is the

near-IR region (spectra reported here were recorded from 1500 to 800 nm, Figure 3.18),

because most compounds show “fingerprint” features. These characteristics are assigned

to Laporte-forbidden f → f transitions and have molar absorption coefficients in the

range 10-102 M−1 cm−1. With the exception of the U(III) compound 2b-THF (ε =
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100-260 M−1 cm−1) the other mononuclear compounds show weak bands in the near-IR

region (ε < 100 M−1 cm−1). As observed for other toluene or benzene-bridged diuranium

systems, [12, 234] 1a2-µ-toluene has intense bands (ε = 200?600 M−1 cm−1) in this

region. The increased intensity of the f-f transitions in uranium complexes has previously

been attributed to intensity stealing, [269] which is an increase in intensity in formally

forbidden transitions due to the presence of significant covalent bonding. [271] The

observation of intense f-f bands for only 1a2-µ-toluene suggests that the bonding between

the uranium centers and the bridging toluene ligand is significantly covalent. Previous

reports used the similarity between the near-IR spectra of toluene or benzene-bridged

diuranium systems and uranium(III) complexes as an indication that the electronic

structure of the diuranium compounds is consistent with the presence of uranium(III)

metal centers, in agreement with our XANES results (see below).
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Figure 3.18: Near-IR spectra at 25 ◦C of 2b-THF in THF (top left), 2b-I in toluene

(top right), 2b-NSiMe3 in toluene (bottom left), and 1a2-µs-toluene in toluene (bottom

right).

Solid-State Magnetic Susceptibility Measurements. Although magnetic prop-

erties of uranium compounds are usually difficult to interpret, [272? ] SQUID mea-

surements were carried out on the whole series of complexes considered here in order

to compare the behavior of the mononuclear compounds to that of 1a2-µ-toluene. It

is notable that the magnetic moment for 1a2-µ-toluene (Figure 3.19) is temperature

dependent (from 0.25 µB at 5 K to 1.50 µB at 300 K; values for one uranium center),

while the mononuclear compounds present Curie-Weiss behavior in the 5-300 K temper-

ature range (except for the TIP intervals for 2a-I and 2b-I, Figure 7). In addition, for

1a2-µ-toluene (Figure 6), although paramagnetic behavior is observed over the temper-

ature intervals 5-50 and 170-300 K, as the temperature is lowered to around 125 K, the
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magnetic susceptibility of the sample passes through a maximum and begins to decrease

at lower temperatures. Between 95 and 125 K the minimum values in the 1/χ versus T

graph are characteristic of a transition to antiferromagnetic behavior. [234, 273, 274]

Figure 3.19: Plots of 1/χ (left) and µeff (right) versus T for 1a2-µ-toluene.

This overall behavior is in contrast to that found for the analogous bridging-toluene

complex [(U(BIPMTMSH)(I))2(µ-η6:η6-C6H5CH3)] (BIPMTMS =C(PPh2NSiMe3)2), which

did not show strong antiferromagnetic coupling. [234]

The magnetic behavior of the mononuclear complexes is as expected and follows

some general trends. For example, at low temperatures, the graphs for 2a-I and 2b-I

(Figure 3.20) show temperature-independent paramagnetism (TIP, 5-25 K for 2a-I and

5-15 K for 2b-I). TIP behavior is specific to even-electron species, since at low temper-

atures the ground state can be an orbital singlet. [275] Kramers ions, i.e. odd-electron

species, such as the U(III) (2b-THF) and U(V) (2b-NSiMe3) compounds (Figure 3.21),

would never present a singlet ground state; therefore, their low-temperature magnetic

behavior is different from that of U(IV) compounds. The determined µeff values for 2b-

THF (3.20 µB), 2b-I (3.52 µB, 20-300 K), and 2a-I (3.18 µB, 50-300 K) are within the

range for uranium(III) and uranium(IV) complexes. The magnetic moment obtained

for 2b-NSiMe3 is 1.81 µB, smaller than the other magnetic moments of the mononuclear

compounds but consistent with values for similar uranium(V) compounds. [276]
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Figure 3.20: Plots of 1/χ versus T for 2a-I (left) and 2b-I (right).

Figure 3.21: Plots of 1/χ versus T for 2b-THF (left) and 2b-NSiMe3 (right).

X-ray Absorption Near-Edge Structure (XANES) Spectroscopy Results.

The chemical shift of the absorption edge reflects the effective charge of the absorbing

atom. [277, 278] For uranium complexes, the U L3 absorption edge, which corresponds

to a 2p3/2 to 6d5/2 transition, has been shown to vary systematically with the uranium

oxidation state. [279, 280] Therefore, the chemical shifts of the U L3 absorption edge

are affected by changes in shielding of the 2p3/2 electrons and can be used to compare

the effective charges on the uranium centers in different complexes. Although effective
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charges can be correlated to the oxidation state of the absorbing atom, other factors,

including coordination geometry and the degree of covalency in the ligand-metal inter-

actions, may also be significant. For a series of formally trivalent organometallic and

inorganic uranium compounds, the average chemical shift of the absorption edge rela-

tive to a UO2Cl2 sample is -6.0(5) eV, and for a series of formally tetravalent uranium

complexes, the average shift is -3.1(6) eV, as shown in Table 3.11 and Figure 3.22. Both

sets of compounds include different coordination geometries and ligands with widely

varying electronegativities.

Table 3.11: U L3 Chemical Shifts of Uranium Complexesa

edge shift versus

compound 0.1 M UO2Cl2 (eV) oxidation state

1a2-µ-toluene -5.1 3

U[N(SiMe3)2]3 [281] -6.3 3

(Cp‡2UOH)2 [281] -6.4 3

(Cp‡2UF)2 [281] -5.0 3

(Cp‡2UCl)2 [281] -6.3 3

(Cp‡2UBr)2 [281] -5.7 3

(Cp”UF)2 [281] -5.9 3

(Cp”UCl)2 [281] -6.4 3

(Cp”UBr)2 [281] -5.6 3

IU(DME)(NC[tBu]Mes)3 [239] -3.3 4

2a-I -3.8 4

(Cp‡2UO)2 [281] -2.0 4

Cp‡2UF2 [281] -2.4 4

Cp‡2UCl2 [281] -2.9 4

Cp‡2UBr2 [281] -3.5 4

Cp‡2UI2 [281] -3.6 4

Cp”UF2 [281] -2.6 4

Cp”UCl2 [281] -2.4 4

Cp”UBr2 [281] -3.7 4

Cp”UI2 [281] -3.6 4
aAbbreviations: Cp‡ = 1,3-(Me3C)2C5H3, Cp” = 1,3-(Me3Si)2C5H3, DME = 1,2-dimethoxyethane.
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Figure 3.22: U L3 absorption edges of selected organouranium complexes. The edge

height is normalized such that the absorption at the edge step is equal to 1. The

edge energies are referenced to the half-height of a 0.1 M UO2Cl2 in 1 M HCl solu-

tion set at 17163 eV. The compounds are (a) U[N(SiMe3)2]3, (b) [Cp”2UCl]2, [281] (c)

[Cp‡2UOH]2, [281] (d) (µ-C7H8)[U(N [tBu]Ar)2]2 (1a2-µ-toluene), (e) IU(N[tBu]Ar)3(2a-

I), (f) IU(DME)(NC [tBu]Mes)3, [239] and (g) (Me3SiN)U(N[Ad]Ar)3 (2b-NSiMe3).

The point closest to the half-height is circled. The average edge shifts of U(III) and

U(IV) complexes are indicated by the vertical lines.

In the family of complexes (µ-arene)[U(N[R]Ar)2]2, the bonding lies somewhere be-

tween two extremes: (1) a neutral arene ligand coordinated by two U(II) centers and

(2) an arene tetraanion with two U(IV) centers (Figure 3.23). A series of the U L3 ab-

sorption edges of selected uranium complexes is shown in Figure 9. Since the chemical

shift of 1a2-µ-toluene is -5.1 eV, the effective charge of the U center in the complex is

mostly similar to that of U(III) complexes. A description of the bonding more detailed
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than that presented here requires information about the overlap between the ligand

and metal orbitals, [282] as well as their relative energies. Nonetheless, the observed

chemical shift of the U L3 edge is consistent with a strong, covalent interaction between

the arene π∗u orbitals and the δu orbitals of the two uranium centers. In particular, the

observed chemical shift of 1a2-µ-toluene is consistent with its formulation as two U(III)

centers bridged by a toluene(2–) ligand, where the f electrons on the U(III) center are

stabilized by back-bonding with the bridging ligand.

Figure 3.23: Bonding scenarios in arene-bridged diuranium complexes. The relative

energies of the 5f and πu orbitals affect the XANES edge shift.

It is important to note that the bonding picture described here shares characteris-

tics with those of actinocene complexes An(C8H8)2 (An = actinide), which have been

intensely researched and investigated. [283–285] The similarities between the two classes

of complexes stem from the analogous symmetry of frontier orbitals for both the metal

and the arene ligand. The differences consist of the oxidation state of the metal and

the energy of arene orbitals. As pointed out recently, [51] tuning of both contributors

influences greatly the extent of covalency in actinide complexes.
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Computational Results. DFT Calculations. Geometries were optimized for the

DFT ground state for model systems based on the 2b-THF, 2b-I, 2b-NSiMe3, and

1a2-µ-toluene structures. 2b-THF and 2b-I are U(III) and U(IV) compounds and

have quartet and triplet ground states, respectively. In both cases, the experimental

and calculated structures are in very good agreement, as shown in Table 3.12 and

Table S1 (Supporting Information). Both doublet and quartet spin states were explored

for 2b-NSiMe3. The doublet is 33.3 kcal/ mol lower in energy at the B-97D level of

theory than for the quartet. Moreover, the doublet geometry is in good agreement

with experimental parameters, whereas the quartet has an average U–Namide distance

of 2.40 Å, as opposed to the 2.24 Åobserved experimentally. Finally, 1a2-µ-toluene

was optimized for the quintet state. While the singlet and triplet spin states should be

considered, these states suffer from spin contamination at the DFT level, and therefore

the energetics are unreliable. For this reason, only the quintet state was considered with

DFT, while all of the spin states were studied at the CASSCF/CASPT2 level of theory

(see below). Average distances and angles are in good agreement with experimental

parameters (Table 3.12). The dihedral angles are expected to deviate more than the

other parameters due to the ligand truncation; however, the calculated values are within

10◦ of experiment (Table S1), with the exception of the B-97D Nimide–U–N–Ctert?butyl

dihedral angle in 2b-NSiMe3, which deviates by 15◦.
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Table 3.12: Average Distances (Å) and Angles (◦) for Calculated and Experimentally

Obtained Structures

av distance (Å) angle (◦)

U–N U–X X–U–N U–Y–Z

2b-THF (X = O) exptl 2.35 2.49 98.89/108.2/116.0

B-97D 2.30 2.50 92.3/115.6/116.3

PBE 2.32 2.41 96.0/107.8/121.9

2b-I (X = I) exptl 2.20 3.07 94.3/113.3/126.2

B-97D 2.23 3.07 92.2/113.0/123.2

PBE 2.23 3.07 91.7/113.9/125.8

2b-NSiMe3 (X, Y = Nimide; Z=Si) exptl 2.25 1.94 103.2/103.7 170.3

B-97D 2.27 1.94 102.4/103.2 168.8

PBE 2.28 1.95 106.0/108.6 171.2

1a2-µ-toluene (X = N; Y=U, Z=N) exptl 2.33 2.59 103.2/103.7 126.4/127.0/129.8/129.9

B-97D 2.33 2.62 104.2/105.3 124.7/126.2/128.2/130.6

PBE 2.33 2.60 103.8/104.6 126.4/127.0/128.3/129.5

CASSCF/CASPT2 Results. The electronic structure was further explored by per-

forming complete active space self-consistent field calculations with corrections from

second-order perturbation theory (CASSCF/CASPT2) on the optimized geometries. In

CASSCF, a set of orbitals in the valence region is defined, together with the electrons

associated with these orbitals. Within this orbital space, which is referred to as the

active space, the electronic configurations that can be obtained by distributing the elec-

trons in the active orbitals in all possible ways are considered. [164] The total wave

function is constructed as a linear combination of all these electronic configurations.

The orbitals lower in energy than the active space are doubly occupied, while those

that are higher in energy are unoccupied. When possible, all valence orbitals should be

included in the active space; however, in practice this is not always required. For the

higher oxidation states of uranium, it is common practice to include only the seven U 5f

orbitals in the active space, since the 6d and 7s orbitals are higher in energy and con-

sequently unoccupied. [35] For 2b-THF and 2b-I, the ligands do not engage in strongly

covalent interactions with the U center, and as a result only the 5f orbitals need to be

included in the active space with either three or two electrons, respectively (see Figures
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S8 and S9 in the Supporting Information). The ground state of 2b-THF is a quartet,

while the ground state of 2b-I is a triplet, as expected for U(III) and U(IV) compounds,

respectively.

Alternatively for 2b-NSiMe3, including only the seven U 5f orbitals in the active

space would not properly describe the covalent bonding between the imide nitrogen and

uranium. For this reason, the three N 2p orbitals must be included in the active space as

well, resulting in an active space of 7 electrons in 10 orbitals. However, in practice this

space was too small, as CASSCF and CASPT2 predicted different ground states. We

found that including 6 additional doubly occupied orbitals containing contributions from

the U 6p, U 5d, and N 2s orbitals in the active space was very important in obtaining

consistency between CASSCF and CASPT2 energies. With this larger space of 19

electrons in 15 orbitals, the doublet was the ground state at the CASSCF and CASPT2

levels by 51.5 and 18.7 kcal.mol−1, respectively. Furthermore, the bond between U and

Nimide is a double bond, as shown in Figure S10 (Supporting Information).

For 1a2-µ-toluene, the active space consists of 8 electrons in 14 orbitals. One can

think of this as including the 7 U 5f orbitals on each center and the corresponding elec-

trons; however, the resulting molecular orbitals corresponding to U–arene–U bonding

contain contributions from both 5f and 6d orbitals. The singlet, triplet, quintet, and

septet spin states were explored. The ground state at the CASPT2 level is the singlet;

however, the triplet and quintet are only 0.7 and 2.5 kcal.mol−1 higher in energy, re-

spectively. Spin-orbit effects were not included in these calculations. Additionally, the

orbital pictures are the same for all three states. Two sets of δ bonds composed of occu-

pied uranium 5f orbitals donating into π antibonding orbitals on the toluene group are

present along with four singly occupied 5f orbitals (Figures 3.24 and 3.25). The quintet

is high spin and consists of one dominating configuration contributing 87% to the total

wave function. Alternatively, the singlet and triplet are much more multireference in

nature and the total wave function contains contributions from several electronic con-

figurations (Table 3.13). Finally, the septet state was explored and is 34.5 kcal.mol−1

higher in energy than the singlet.
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Table 3.13: Electronic Configurations Contributing to the Total Wave Function in 1a2-

µ-toluene

spin state configuration % of the total wave function

quintet δ2δ25f15f15f15f1 87.1

triplet δ2δ25f15f25f15f0 17.1

δ2δ25f25f15f05f1 21.2

δ2δ25f05f15f25f1 20.6

δ2δ25f15f05f15f2 17.4

singlet δ2δ25f25f25f05f0 14.2

δ2δ25f25f05f25f0 13.9

δ2δ25f15f15f15f1 14.3

δ2δ25f05f25f05f2 13.7

δ2δ25f05f05f25f2 13.5

Figure 3.24: δ bonding natural orbitals [286] from 1a2-µ-toluene. From left to right,

the natural orbital occupation numbers are 1.86 and 1.87. Legend: U, light blue; N,

blue; C, gray; H, white.
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Figure 3.25: Singly occupied natural orbitals of 1a2-µ-toluene. Legend: U, light blue;

N, blue; C, gray; H, white.

LoProp Charges. Atomic charges were computed from the CASSCF results using

the LoProp approach (Table 3.14). LoProp charges are reported, since this procedure is

stable with respect to the basis set and provides physically meaningful localized prop-

erties. [287] First, by comparison of the uranium partial charges it is observed that, as

expected, the partial charge of the U(III) compound 2b-THF is less than that of the

U(IV) compound 2b-I. Additionally, the ground state of 2b-NSiMe3 is a doublet, corre-

sponding to a U(V) center. The partial charge on uranium in 2b-NSiMe3 is consistent

with this assignment, as it is higher than in 2b-I. Finally, the partial charges on the

U centers in 1a2-µ-toluene are consistent with a +3 oxidation state. Additionally, the

sum of the charges on the bridging toluene group is -1.95, indicating that charge trans-

fer occurs from the uranium centers to the bridging toluene ligand, which is consistent

with both the observed reactivity (1a2 coordinated preferentially the least electron rich

bridging arene) and the chemical shift observed by XANES spectroscopy.
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Table 3.14: LoProp Charges for the Ground State CASSCF Wave Function

2b-THF 2b-I 2b-NSiMe3 1a2-µ-toluene

U 2.20 2.76 3.04 2.33/2.34

N -0.84 -0.84 -0.79 -0.54

-0.77 -0.86 -0.85 -0.52

-0.80 -0.85 -0.83 -0.54

-0.54

other -0.55 (O) -0.75 (I) -1.20 (Nimide -1.95 (toluene (sum))

Consistent with a +5 oxidation state assignment, the reaction of 2b-NSiMe3 with

lithium under argon or with KC8 in THF resulted in the formation of [Li(OEt2)][(Me3SiN)U(N[Ad]-

Ar)3] (Li[b2-NSiMe3]; Figure 3.26) or K[(Me3SiN)U(N[Ad]-Ar)3] (K[2b-NSiMe3]; eq 2).

The longer distances U–Namide = 2.357(5) Å(av) and U–NSiMe3 =2.050(3) Åas com-

pared to the corresponding values in 2b-NSiMe3 are indicative of a more electron rich

uranium center.

Figure 3.26: Structural drawing of [Li(OEt2)][(Me3SiN)U(N[Ad]Ar)3] (Li[2b-NSiMe3])

with thermal ellipsoids at the 35% probability level and hydrogen atoms omitted for

clarity. Selected distances (Å): U–Nligand(av), 2.357(5); U–Nimide, 2.050(3).
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3.3.3 Conclusions

The compound 1a2-µ-toluene was studied in relation to a variety of mononuclear ura-

nium amide complexes, and its properties were discussed with reference to their proper-

ties. While the mononuclear compounds display the expected electronic and magnetic

properties, 1a2-µ-toluene showed complicated characteristics in contrast. The optical

and magnetic properties of 1a2-µ-toluene are difficult to relate to reported examples

of mononuclear uranium organometallic complexes. XANES spectroscopy, X-ray crys-

tallography, and computational studies corroborate the following electronic structure

interpretation: the f orbitals of the two uranium centers host the four unpaired elec-

trons, followed energetically by two covalent δ bonds formed by filled uranium f orbitals

overlapping with the LUMOs of toluene, in accord with our original analysis. [231]An

effective electronic charge of the metal centers was determined by XANES and is com-

parable to values encountered for classical uranium(III) compounds; these results are

consistent with the presence of a covalent bond between uranium and toluene that is

reflected in the metrical parameters of 1b2-µ-toluene, as determined by X-ray crystal-

lography.

3.3.4 Experimental Section

General Considerations. Unless stated otherwise, all operations were performed in

a Vacuum Atmospheres drybox under purified nitrogen or using Schlenk techniques un-

der an argon atmosphere. Anhydrous diethyl ether was purchased from Mallinckrodt;

n-pentane, n-hexane, and tetrahydrofuran (THF) were purchased from EM Science.

Diethyl ether, toluene, benzene, n-pentane, and n-hexane were dried and deoxygenated

by the method of Grubbs. [288] THF was distilled under nitrogen from purple sodium

benzophenone ketyl and was transferred under nitrogen into glass vessels before be-

ing pumped into the drybox. C6D6 was purchased from Cambridge Isotopes and was

degassed and dried over 4 Åsieves. The 4 Åsieves, alumina, and Celite were dried un-

der reduced pressure overnight at a temperature just above 200 ◦C. UI3(THF)4, [258]

KC8, [289] KCH2C6H5, [290] HN[Ad]Ar, [291] and compounds 1a2-µ-toluene, [231]

1b2-µ-toluene, [231] 2a-I,1 2b-I [250] were prepared according to literature methods.

Me3SiN3 was passed through alumina and stored in a refrigerator at -35 ◦C. Other
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chemicals were used as received. 1H NMR spectra were recorded on Varian XL-300

and Varian INOVA-501 spectrometers at room temperature unless specified otherwise.

Chemical shifts are reported with respect to internal or external solvent: 7.16 ppm

(C6D6). UV-vis spectra were recorded on a HP spectrophotometer from 200 to 1100

nm using matched 1 cm quartz cells, and near-IR spectra were recorded on a PS spec-

trophotometer from 800 to 1500 nm using matched 1 cm quartz cells; all spectra were

obtained using a solvent reference blank. Numerical modeling of all data was done using

the program Origin 6.0. CHN analyses were performed by H. Kolbe Mikroanalytisches

Laboratorium (Mülheim an der Ruhr, Germany).

Synthesis of KN[Ad]Ar. A 500 mL round-bottom flask was charged with HN[Ad]Ar

(8.52 g, 33 mmol) and diethyl ether (300 mL), and the solution was frozen. Solid

KCH2C6H5 (4.35 g, 33 mmol) was added to the thawing solution, and the reaction mix-

ture was warmed to room temperature and stirred for 2-3 h. Filtration of the resulting

solution afforded a white solid that was washed with pentane and dried under reduced

pressure. The KN[Ad]Ar obtained amounted to 7.93 g (27 mmol, 82% yield). 1H NMR

(300 MHz, C6D6, 22 ◦C): δ 6.28 (s, 1H, p-Ar); 6.22 (s, 2H, o-Ar); 2.23 (s, 6H, Ar-Me);

1.95 (s, 3H, Ad-CH); 1.83 (s, 6H, Ad-CH2); 1.52 (s, 6H, Ad-CH2).

Synthesis of (THF)U(N[Ad]Ar)3 (2b-THF). A 100 mL round-bottom flask

was charged with UI3(THF)4 (0.526 g, 0.56 mmol), KN[Ad]Ar (0.510 g, 1.74 mmol, 3

equiv), and a stirring bar and then placed in the cold well. Thawing THF (50 mL) was

added to the solid mixture as quickly as possible and the reaction mixture stirred for 45

min. Filtration of the reaction mixture through Celite afforded a solution from which

the solvent was removed. The solid obtained was collected on a frit and washed with

small portions of diethyl ether (2–15 mL). The solid obtained on the frit was dried and

redissolved in diethyl ether, and the solution was concentrated and placed in a freezer

at -35 ◦C. After several days, the solution was decanted and the black microcrystalline

solid (2b-THF; 0.304 g, 0.29 mmol, 51% yield) dried under reduced pressure. 1H NMR

(300 MHz, C6D6, 22 ◦C): δ 37.55 (s, 4H, THF-CH2); 0.65 (bs, 9H, o- and p-Ar); 0.23

(s, 9H, Ad-CH); 0.13 (d, 18H, Ad-CH2); -0.13 (d, 18H, Ad-CH2); -6.64 (s, 18H, Ar-Me);

-15.80 (s, 4H, THF-CH2). Anal. Calcd for C58H83N3OU: C, 64.72; H, 7.77; N, 3.90.

Found: C, 64.79; H, 7.93; N, 3.72.
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Synthesis of (Me3SiN)U(N[Ad]Ar)3 (2b-NSiMe3). (a). From 2b-THF. So-

lutions in THF of 2b-THF (1.169 g, 1.14 mmol, 80 mL) and Me3SiN3 (0.144 g, 1.25

mmol, 1.1 equiv, 20 mL) were frozen. To the thawing solution of 2b-THF was added

dropwise a solution of Me3SiN3, and the reaction mixture was warmed to room temper-

ature and stirred for 1 h. After the reaction was finished, the solvent was removed under

reduced pressure, the obtained solid was dissolved in pentane, and the new solution was

concentrated and stored at -35 ◦C for several days. 2b-NSiMe3 was obtained as a black,

crystalline solid in two crops amounting to 0.586 g (0.56 mmol, 49% yield).

(b). From UI3(THF)4 Directly. UI3(THF)4 (1.193 g, 1.31 mmol) and KN[Ad]Ar

(1.156 g, 3.94 mmol, 3 equiv) were mixed as solids in a 250 mL round-bottom flask and

placed in the cold well. To the stirred mixture was added thawing THF (100 mL). The

reaction mixture was warmed to room temperature and stirred for a total of 35 min,

after which it was filtered through Celite and and the resulting solution frozen again.

To this thawing solution was added dropwise a thawing solution of Me3SiN3 (0.136 g,

1.18 mmol, 0.9 equiv) in THF (20 mL). After the addition was finished, the removal of

solvent was started immediately. The obtained solid was extracted with pentane, and

the solution was filtered through Celite. The solvent was removed, and the last two

operations were repeated. The new solution was concentrated to ca. 20 mL and placed

in a -35 ◦C freezer. 2b-NSiMe3 was obtained as a black, crystalline solid in two crops

amounting to 0.521 g (0.50 mmol, 38% yield). 1H NMR (300 MHz, C6D6, 22 ◦C): δ

11.95 (bs, 2H, o-Ar); 8.28 (s, 3H, Si-CH3); 6.24 (s, 1H, p-Ar); 2.03 (s, 6H, Ar-Me); 1.09

(s, 3H, Ad-CH); -0.06 (d of d, 6H, Ad-CH2); -5.59 (bs, 6H, Ad-CH2). Anal. Calcd for

C57H81N4SiU: C, 62.90; H, 7.50; N, 5.15. Found: C, 62.80; H, 7.52; N, 5.11.

Synthesis of [Li(OEt2)][(Me3SiN)U(N[Ad]Ar)3]. Small cubes of lithium (two

to three) were washed with hexanes and transferred under argon to a round-bottom

flask charged with a magnetic stirring bar. To this flask was transferred via cannula

a THF solution (25 mL) of 2b-NSiMe3 (0.699 g, 0.67 mmol) prepared in the glove-

box. The reaction mixture was stirred for 2 h at room temperature, after which the

solvent was removed under reduced pressure. The flask was taken into the box, the

solid obtained was extracted with pentane, and the new solution was filtered through

Celite. After the solvent was removed from the filtrate, extraction with pentane and

filtration were repeated and the new solution was concentrated and placed in a -35 ◦C
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freezer. [Li(OEt2)][(Me3SiN)U(N[Ad]Ar)3] was obtained as orange crystals in two crops

amounting to 0.502 g (0.43 mmol, 64% yield). 1H NMR (300 MHz, C6D6, 22 ◦C): δ

11.49 (bs, 6H, Et2O-CH3); 10.61 (bs, 6H, o-Ar); 9.12 (s, 9H, Si-CH3); 8.10 (s, 3H, o-Ar);

7.13 (d, 4H, Et2O-CH2); 2.06 (s, 18H, Ar-Me); -1.99 (d of d, 18H, Ad-CH2); -3.34 (s,

9H, Ad-CH); -15.16 (bs, 18H, Ad-CH2). Anal. Calcd for C61H91N4SiOLiU: C, 62.59;

H, 7.78; N, 4.79. Found: C, 62.60; H, 8.35; N, 4.71.

Synthesis of K[(Me3SiN)U(N[Ad]Ar)3]. A thawing slurry of KC8 (0.188 g,

1.39 mmol, 2.8 equiv) in THF (15 mL) was added dropwise to a thawing THF solution

(20 mL) of 2b-NSiMe3 (0.518 g, 0.50 mmol). The reaction mixture was warmed to

room temperature and stirred for 1.5 h, after which the solvent was removed under

reduced pressure. The solid obtained was extracted with diethyl ether and the new

solution filtered through Celite. After the solvent was removed from the filtrate, the

extraction with diethyl ether and the filtration were repeated and the new solution was

concentrated and placed in a -35 ◦C freezer. K[2b-NSiMe3] was obtained as dark orange

crystals in one crop amounting to 0.415 g (0.38 mmol, 77% yield). 1H NMR (300 MHz,

C6D6, 22 ◦C): δ 20.67 (s, 3H, Si-CH3); 4.75 (s, 1H, p-Ar); 1.99 (s, 3H, Ad-CH); 0.82 (d

of d, 6H, Ad-CH2); 0.09 (s, 6H, Ar-Me); -1.05 (bs, 2H, o-Ar); -2.58 (bs, 6H, Ad-CH2).

Thermal Stability of 1a2-µ-toluene. In one experiment, variable-temperature

1H NMR studies in octane-d18 showed that 1a2-µ-toluene is stable up to 110 ◦C. The

spectra were acquired from 20 to 110 ◦C at 10 ◦C intervals, and after reaching 110 ◦C,

another spectrum was obtained on the same sample back to 20 C. In another experiment,

40 mg of 1a2-µ-toluene in 20 mL of heptane was heated at 80 C for 24 h. A 1H NMR

spectrum of a sample taken from that solution indicated that the compound did not

decompose.

Arene Exchange Experiments. 1a2-µ-toluene was dissolved in C6D6, the solu-

tion was transferred to an NMR tube, and the NMR tube was sealed and then placed

in a heated oil bath. After 24 h at 90 ◦C, analysis of the 1H NMR spectrum indicated

3% exchange based on the integration of the peaks at ca. -7 ppm (Me-Ar). Integration

of the same peak indicated 14% exchange after an additional 24 h at 100 ◦C and 18%

exchange after another 48 h. A similar experiment conducted with 1a2-µ-benzene dis-

solved in toluene-d8 showed 6% exchange after 48 h at 100 ◦C and 11% exchange on

the basis of the integration of the t-Bu peaks (ca. 7 ppm) after a total of 96 h. For
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the exchange experiment with p-xylene, 1a2-µ-toluene was dissolved in p-xylene, the

solution was transferred to a tube, and the tube was sealed and heated in an oil bath

at 90 ◦C. After 24 h, the tube was taken into the box and broken and its contents were

transferred to a vial. Volatiles were removed. Analysis of the compounds 1H NMR

spectrum (C6D6, 300 MHz, 22 ◦C) indicated no transformation of 1a2-µ-toluene.

X-ray Crystal Structures. X-ray data collections were carried out on a Siemens

Platform three-circle diffractometer with a CCD detector using Mo Kα radiation (λ =

0.71073 Å). The data were processed utilizing the program SAINT supplied by Siemens

Industrial Automation, Inc. The structures were solved by direct methods (SHELXTL

v5.03 by G. M. Sheldrick and Siemens Industrial Automation, Inc., 1995) in conjunction

with standard difference Fourier techniques. [292]

XANES Measurements. In an Ar-filled glovebox, approximately 10 mg of ura-

nium complex was powdered and mixed with dry boron nitride. The samples were

packaged in aluminum holders with Kapton tape. The samples were sealed in glass

jars with Teflon tape inside the drybox. Everything except for the Teflon tape was

baked out at 110 ◦C for several days. The samples showed no signs of decomposition

either before or immediately after the XANES experiment. After several hours in the

air, the samples began to discolor around the edges. X-ray absorption spectra were

acquired at the Stanford Synchrotron Radiation Lightsource (SSRL) at beamline 11-2

or 4-1 using a Si(220) double-crystal monochromator detuned 50% to reduce the higher

order harmonic content of the beam. X-ray absorption spectra were obtained in the

transmission mode at room temperature using argon-filled ionization chambers. The

data analysis was performed by standard procedures using the EXAFSPAK suite of

programs developed by G. George of the SSRL. The background was removed by fitting

a polynomial to the pre-edge data. Edge shifts are determined from the half-height of

the U L3 absorption edge at 17166 eV and are referenced to the half-height of a 0.1 M

solution of UO2Cl2 in hydrochloric acid.

Magnetic Susceptibility Measurements. Magnetic susceptibility measurements

were recorded using a SQUID magnetometer at 5000 G. The samples were prepared in

the glovebox (50–100 mg), loaded in a gelatin capsule that was positioned inside a

plastic straw, and carried to the magnetometer in a tube under N2. The sample was

quickly inserted into the instrument and centered, and data were obtained from 5 to 300
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K. The contribution from the sample holders was not accounted for. The diamagnetic

contributions were calculated and subtracted from χmol. Effective magnetic moments

were calculated either by linear regression from plots of 1/χmol versus T (K) for Curie–

Weiss behavior or by using the formula 2.828(Tχmol)1/2 for non-Curie–Weiss behavior.

Samples used were recrystallized multiple times. Measurements for the same compound

were carried out on differently recrystallized samples.

Computational Details. Geometry optimizations were performed with DFT using

the Perdew–Burke–Ernzerhof (PBE) [96] exchange-correlation functional and the dis-

persion corrected B-97D functional [293] with def-TZVP basis sets [162] for all atoms

as implemented in the TURBOMOLE 5.10.2 package. [160] The corresponding def-

ECP [219] was used for U, and the resolution of the identity (RI) approximation was

used for the Coulomb integrals. [164, 165] All stationary points were confirmed as min-

ima by vibrational analysis. Due to the large size of the ligands, the 1-adamantyl groups

were replaced with tert-butyl groups and the 3,5-C6H3Me2 groups were replaced with

phenyl groups.

Subsequently, the electronic structure was further investigated using complete active

space self-consistent field theory (CASSCF) [32] with second-order perturbation theory

(CASPT2) [33, 34] on top of the B97-D geometry using the Molcas 7.7 package. [172] Rel-

ativistic effects were included through the use of the scalar Douglas–Kroll–Hess (DKH)

Hamiltonian. [169, 294] ANO-RCC basis sets of triple-ζ quality were used for U, O, and

N, while a minimal basis set was used for peripheral C and H atoms. In 1a2-µ-toluene,

the C and H atoms of toluene were treated with the ANO-RCC basis set of double-ζ qual-

ity. [170, 295] Additionally, the Cholesky decomposition technique was used combined

with local exchange screening to reduce the computational costs involved in generating

the two-electron integrals significantly. [173–176] Atomic charges were computed at the

CASSCF level for the ground state using the LoProp procedure. [287]
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4.1 Understanding the Structure and Formation of Uranyl

Peroxide Nanoclusters by Quantum Chemical Calcu-

lations

Quantum chemical calculations were performed to understand the formation of

nanoscale cage clusters based on uranyl ions. We investigated the uranyl-peroxide-

uranyl interaction and compared the geometries of clusters with and without such in-

teractions. We show that a covalent interaction along the U-Operoxo bonds causes the

U-O2-U dihedral angle to be bent, and it is this inherent bending of the configuration

that encourages curvature and cage cluster formation. The U-O2-U dihedral angle of

the peroxo bridge is tuned by the size or electronegativity of the counterion present.

4.1.1 Introduction

Hexavalent uranium, as the linear (UO2)
2+ uranyl ion, [1] is central to the chemistry

of this element. We previously reported 13 nanoscale cage clusters that are based on

uranyl ions. [65, 68, 296–298] This class of polyoxometalates self-assembles in aqueous

solutions under ambient conditions. The uranyl ions are in hexagonal bipyramidal

polyhedra with O atoms of the uranyl ions at their apexes. Each bipyramid shares

three equatorial edges with other bipyramids, with two or three of these shaded edges

corresponding to peroxide groups. These cage clusters are a major departure from

the extended sheets that normally result from linkage of uranyl bipyramids. [299, 300]

Their creation requires circumventing the sheet-forming tendencies of the polyhedra to

cause curvature. We argued such curvature arises because the uranyl-peroxide-uranyl

interaction is inherently bent. [68] Here we examine the quantum chemical details of

this interaction.

We have conducted computational studies of the uranyl-peroxide-uranyl interaction

and compared the geometries of clusters with and without such interactions. Several

Reproduced from B. Vlaisavljevich, L. Gagliardi, P. C. Burns

Journal of the American Chemical Society 2010, 132 (41), 14503–14508.

c©2010 American Chemical Society
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clusters isolated in crystal structures provide the starting points for our work (Fig-

ure 4.1). The cluster [(UO2)2(O2)5]
6− is from Na2Rb4(UO2)(O2)(H2O) [301] and con-

tains two uranyl hexagonal bi-pyramids that share a peroxide edge. Each bipyramid

has two additional peroxide edges. The U-O2-U dihedral angle is 153.1◦. For com-

parison, the cluster [(UO2)(O2)2(OH)]2
6−, from K6[(UO2)(O2)2(OH)]2(H2O)7, [301]

contains two hexagonal bipyramids with a shared edge that is two hydroxyl groups.

The U-(OH)2-U dihedral angle is 180◦. The cluster [(UO2)2(O2)(C2O4)4]
6−, from

K6[(UO2)2(O2)(C2O4)4], [68] contains two uranyl hexagonal bipyramids with a shared

peroxide equatorial edge. The remaining two equatorial edges of each bipyramid are de-

fined by bidentate oxalate groups. The U-O2-U dihedral angle is 152.9◦. A larger cluster

with composition [(UO2)(O2)(C2O4)]5
10− is from K10[(UO2)(O2)(C2O4)]5(H2O)13. [68]

It consists of a five-membered ring of bipyramids, and the shared edges are peroxide

gsroups. Again, each bipyramid contains one bidentate oxalate group. The dihedral

angles of the U-O2-U bridges range from 137.5◦ to 144.5◦.
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Figure 4.1: (A) Model clusters derived from experimentally determined crystal struc-

tures. (a) [(UO2)2(O2)5]
6−, designated 2U-P as shown and 2U-P-A with coun-

terions A added. (b) [(UO2)(O2)2(OH)]6−2 , designated 2U-OH-A with counterions

added. (c) [(UO2)2(O2)(C2O4)4]
6−, designated 2U-P-Ox-A with counterions added. (d)

[(UO2)(O2)(C2O4)]
10−
5 , designated 5U-P-Ox-A with counterions added. Calculations

were also done for a hypothetical cluster with composition [(UO2)2(OH)2(C2O4)4]
6−

derived from structure c by replacing the peroxo by two hydroxo ions. This is desig-

nated 2U-OH-Ox-A with counterions added and 2U-OH-A-H2O with two H2O groups

added. U, yellow; O, red; C, black. (B) Enlarged picture of the peroxo structure (struc-

ture a in panel A) versus hydroxo structure (structure b in panel A), where the bending

of the peroxo is emphasized.

4.1.2 Theoretical Calculations

Calculations were performed by density functional theory (DFT) and multiconfigura-

tional methods (CASSCF/CASPT2) for the experimentally observed clusters as well as

for a hypothetical cluster derived from [(UO2)2(O2)(C2O4)4]
6− by replacing the per-

oxide group shared between the uranyl ions with two hydroxyl groups. Full geometry

optimizations were performed without imposing any symmetry constraint. The start-

ing structures were were taken from experiment, when available. Counterions were

evenly distributed around these starting structures for each cluster. All systems under

consideration have a singlet spin state as the ground state.
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Density functional theory (DFT) geometry optimizations of the experimentally syn-

thesized clusters were performed with the Perdew-Burke-Ernzerhof (PBE) exchange-

correlation functional [96] and triple-ζ valence plus polarization (def-TZVP) [162, 164,

165] basis sets on all atoms. Quasirelativistic pseudopotentials were used for U atoms,

with 60 core electrons. [162, 164] The TURBOMOLE 5.10 program package was em-

ployed. [160, 162]

Multiconfigurational complete active space (CASSCF) [32] calculations followed by

second-order perturbation theory (CASPT2) [33] were performed at the DFT optimized

geometries of 2U−P−Na and 2U−P−Ox−Na. Both systems are essentially single-

configurational. However, in the peroxo cases, the molecular orbitals are more delo-

calized than in the hydroxo cases. Scalar relativistic effects were included by use of the

Douglas-Kroll-Hess [169, 294] Hamiltonian and the relativistic all-electron ANO-RCC

basis sets with double-ζ quality (ANO-RCC-VDZP) [170, 295] with the following con-

tractions: [8s 7p 5d 3f 1g] for U and [3s 2p 1d] for O and C. The ANO-RCC-MB basis

set was employed for H with a contraction of [1s]. Several active spaces were tested. An

ideal active space for a single uranyl ion would include 12 electrons in 12 orbitals (see

for example ref [102, 302]). In the diuranyl compound, one should have 24 electrons

in 24 orbitals in the active space, and this would still not describe the interaction with

the two uranyls and the peroxo unit. We have thus decided to include only the highest

occupied-lowest unoccupied molecular orbital (HOMO-LUMO) uranyl-based orbitals,

namely, the bonding and antibonding σu orbitals and the orbitals describing the in-

teraction between U and the bridging peroxo. In total, the active space contains eight

electrons in eight orbitals. Four of them are the uranyl bonding and antibonding orbitals

and four of them are the U-O(peroxo) bonding orbitals, which are linear combinations

of the 7s, 6d, and 5f orbitals of U and 2p of O. Including the nonbonding U 5f-based or-

bitals in the active space does not have an effect. It is sufficient to correlate them in the

subsequent CASPT2 treatment. For the pentauranyl complex we have not performed

CASSCF/CASPT2 calculations because a system with five U atoms is prohibitively

large to be treated with this method.

Explicit water molecules and a reaction field Hamiltonian were included in some of

the calculations in order to estimate the effect of the environment. The CASSCF/CASPT2

calculations were performed with the Molcas 7.3 package. [128] The computational
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costs arising from the two-electron integrals were drastically reduced by employing the

Cholesky decomposition (CD) technique in all CASSCF/CASPT2 calculations [173–

175] combined with the local exchange (LK) screening. [176] The CASSCF/ CASPT2

approach is successful in studying many actinide- containing systems. [36, 103, 104, 177,

177, 303] There have also been cases in which the CASSCF/CASPT2 method has not

been successful, for example, in predicting the ground state of CUO. [43] However in

this case the energy difference between the possible candidates as ground state is lower

than the error associated with the method (ca. 0.1-0.2 eV in energy differences when

spin-orbit coupling is not included).

4.1.3 Results and Discussion

Cluster compositions and descriptors are reported in Figure 4.1, and optimized geome-

tries are given in Tables 4.1– 4.5. From geometry optimization it turned out that the

uranyl groups are not symmetry-related in any of the structures.

Table 4.1: Most significant structural parameters of some of the clusters examined,

having Na as a counteriona

distance (Å) angle (deg)

U–O U–O O-O O–O OUO

cluster uranyl per per U–U uranyl–uranyl UOOU uranyl

2U-P-Ox 1.821 2.450 1.434 4.685 4.889 180.0 175.7

2U-P-Na 1.896-1.953 2.509-2.366 1.477 4.414 3.140-5.592 144.7 173.9-174.6

2U-OH-Na 1.950-1.964 2.433-2.471 2.603 4.160 3.974-4.102 178.5 174.5-174.6

2U-OH-Ox-Na 1.864-1.865 2.331-2.359 2.343 4.063 5.009-5.012 179.9 150.5

2U-P-Ox-Na 1.831-1.840 2.325-3.343 1.435 4.065 3.143-5.924 132.1 164.0-164.4

5U-P-Ox-Na 1.801-1.889 2.362-2.456 1.448-1.477 4.119-4.242 2.832-5.691 134.5-1396 172.7-177.7
aWhen two values are reported, they represent the shortest and longest ones, respectively.
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Table 4.2: Most significant structural parameters of 2U-P-A clusters in the presence of

different counterionsa

distance (Å) angle (deg)

U–O U–O O-O O–O OUO

A uranyl per per U–U uranyl–uranyl UOOU uranyl

Li 1.888-1.959 2.360-2.521 1.471 4.342 3.181-5.637 139.9 167.1-167.9

Na 1.895-1.947 2.369-2.502 1.472 4.397 3.110-5.614 143.6 174.0-174.5

K 1.894-1.938 2.361-2.503 1.469 4.434 3.273-5.486 147.1 175.8-176.9

Rb 1.906-1.944 2.341-2.534 1.481 4.516 3.530-5.205 155.5 172.8-176.0

Cs 1.903-1.930 2.390-2.575 1.469 4.552 3.876-5.001 164.3 175.1-177.3
aWhen two values are reported, they represent the shortest and longest ones, respectively.

Table 4.3: Most significant structural parameters of 2U-OH-A clusters in the presence

of different counterionsa

distance (Å) angle (deg)

U–O U–O O-O O–O OUO

A uranyl per per U–U uranyl–uranyl UOOU uranyl

Li 1.976 2.045-2.406 2.63 4.028 3.642-3.645 180.0 168.8-168.9

Na 1.950-1.964 2.420-2.458 2.595 4.135 3.941-4.077 178.3 174.5-174.6

K 1.925-1.940 2.416-2.525 2.544 4.143 3.410-4.754 156.8 176.6-178.4

Rb 1.923-1.938 2.410-2.531 2.774 4.112 3.780-4.025 177.4 172.5-174.2

Cs 1.920-1.933 2.426-2.517 2.75 4.079 3.823-3.925 179.6 173.2-174.1
aWhen two values are reported, they represent the shortest and longest ones, respectively.
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Table 4.4: Most significant structural parameters of 2U-P-Ox-A clusters in the presence

of different counterionsa

distance (Å) angle (deg)

U–O U–O O-O O–O OUO

A uranyl per per U–U uranyl–uranyl UOOU uranyl

Li 1.831-1.922 2.306-2.519 1.443 3.818 2.899-5.884 115.4 155.4-173.6

Na 1.832-1.840 2.322-2.353 1.431 4.060 3.170-5.848 131.9 164.8-165.1

K 1.833-1.839 2.349-2.362 1.433 4.324 3.695-5.568 149.0 170.0-170.2

Rb 1.833-1.838 2.356-2.363 1.435 4.479 4.499-5.044 170.6 170.8-170.9

Cs 1.831-1.839 2.369-2.375 1.435 4.494 4.337-5.156 167.0 171.8-172.3
aWhen two values are reported, they represent the shortest and longest ones, respectively.

Table 4.5: Most significant structural parameters of 5U-P-Ox-A clusters in the presence

of different counterionsa

distance (Å) angle (deg)

U–O U–O O-O O–O OUO

A uranyl per per U–U uranyl–uranyl UOOU uranyl

Li 1.798-1.858 2.300-2.440 1.441-1.480 4.088-4.170 2.648-5.903 129.5-132.6 172.8-177.0

Na 1.802-1.865 2.316-2.452 1.442-1.474 4.121-4.240 2.830-5.689 134.5-139.4 173.7-177.8

K 1.819-1.864 2.318-2.453 1.444-1.468 4.282-4.448 3.163-5.585 143.1-158.7 173.9-179.0

Rb 1.825-1.866 2.332-2.451 1.446-1.465 4.346-4.467 3.400-5.479 148.6-157.5 173.5-178.2

Cs 1.834-1.864 2.333-2.471 1.448-1.462 4.418-4.475 3.714-5.231 157.0-158.7 174.4-176.9
aWhen two values are reported, they represent the shortest and longest ones, respectively.

Initially, we optimized the geometry of the [(UO2)2(O2)5]
6− cluster (Figure 4.1A,

structure a) without counterions (2U−P). This gave a geometrically reasonable clus-

ter (Table 4.1), although the U-O2-U dihedral angle optimized to 180◦ in contrast to

experimentally determined values. Insertion of six Na counterions into this cluster

(2U−P−Na), together with full geometry optimization, gave longer bond lengths within

the cluster and an optimized U-O2-U dihedral angle of 145◦. Constraining the dihedral

angle to 180◦ and reoptimizing the geometry of the cluster increased the energy by about

20 kcal/mol. We also determined the energy difference between the planar and bent

structures for 2U−OH−Na. The structure with a dihedral angle of 160◦ is 2 kcal/mol
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higher in energy than the planar structure, and the structure with a dihedral angle

of 140◦ is 6 kcal/mol higher in energy than the planar structure. In the 2U−OH−Na

case, the energy difference between planar and bent is thus less enhanced than in the

2U−P−Na case. Optimization of the geometry of the [(UO2)(O2)2(OH)]2
6− cluster (Fig-

ure 4.1A, structure b) with six Na counterions added (2U−OH−Na) resulted in a dis-

tance between the OH groups of the shared edge of 2.603 Åand a U−(OH)2−U dihedral

angle of about 180◦. Addition of two H2O groups to the cluster (2U−OH−Na−H2O)

did not appreciably change the optimized geometry of the cluster and again gave a

U−(OH)2-U dihedral angle of 180◦. The geometry of the cluster [(UO2)2(O2)(C2O4)4]
6−

(Figure 4.1A, structure c), with the addition of six Na counterions, was optimized

(2U−P−Ox−Na). The resulting bond lengths are reasonable although the uranyl ion is

more bent than normal (Table 4.1). The optimized U−O2−U dihedral angle is 132◦. For

comparison, the peroxide group was replaced by two hydroxyl groups and the geometry

was reoptimized (2U−OH−Ox−Na). The optimized bond lengths of this hypothetical

cluster are reasonable, but the uranyl ions (OUO) are unreasonably bent at 151◦. The

U−(OH)2−U dihedral angle was 180◦.

The cluster [(UO2)(O2)(C2O4)]5
10− (Figure 4.1A, structure d) was optimized with

10 added Na counterions (5U−P−Ox−Na). The geometry has reasonable bond lengths

and uranyl ion angles ranging from 173◦ to 178◦. It contains five peroxide groups that

bridge between uranyl ions, and the optimized cluster has U-O2-U dihedral angles of

135-140◦.

In Table 4.1 we also report the U−U and O−O (uranyl-uranyl) distances. There is

clearly a correlation between the O−O (uranyl-uranyl) and the UOOU dihedral angle:

for the cases in which the angle is close to 180◦, the O−O (uranyl-uranyl) distance is

larger than the shortest O−O (uranyl-uranyl) distance for the cases in which the dihedral

is bent. One can rationalize this trend as follows: in 2U−P−Ox, with no counterions and

a total charge of −6, the planar structure corresponds to the least repulsion among the

charges in excess. In 2U−P−Na, 2U−P−Ox−Na, and 5U−P−Ox−Na, the bending of

the dihedral angle, which is possible because the presence of the bridging peroxo ensures

the maximum Coulombic attraction between the uranyl oxygens and the counterions.

In 2U−OH−Na and 2U−OH−Ox−Na, on the other hand, the OH groups, unlike the

peroxo group, do not play a bridging role and they do not favor bending.
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We performed a full characterization of the wave function in the case of 2U−P−Na

in order to better understand the electronic structure of this species and provide in-

sight concern- ing the origin of the bent U-O2-U interactions. The optimized cluster

2U−P−Na has a U-O2-U dihedral angle of 145◦. Projections of selected molecular or-

bitals, from a CASSCF/ CASPT2 calculation, responsible for the bonds present in this

cluster are shown in Figure 4.2. The calculation revealed the presence of a bonding

molecular orbital along the U-Operoxo bond, the top one in Figure 2. This orbital is a

linear combination of the peroxo π along the plane and the U 6p orbitals. The 6p orbitals

are usually described as corelike orbitals, so one wonders why instead the uranium 5f

and 6d orbitals do not participate in the interaction with the peroxo. The reason is that

the 5f and 6d orbitals are mainly involved in the interaction with the uranyl oxygens and

the 6p are the next orbitals energetically available for the interaction with the peroxo

and they point in the right direction. In the analogous hydroxyl cluster, 2U−OH−Na,

in contrast, there is no such bonding orbital along the corresponding U-Ohydroxo bond

since there is not an analogous hydroxyl π molecular orbital of the right symmetry to

be combined with the U orbitals. All orbitals on the OH−OH moiety are fully localized

on each individual OH group and there is no covalent interaction between the two OH

groups. Calculated partial charges for the 2U−P−Na cluster are +2.03 to +2.12 for the

U cation, −0.67 to −0.99 for the O atoms of the uranyl ions, and −0.67 to −0.75 for the

O atoms of the peroxide groups. The partial charges of the 2U−OH−Na−H2O cluster

are +2.16 to +2.19 for the U cation, −0.79 to −0.97 for the O atoms of the uranyl ions,

and −0.91 to −0.92 for the O atoms of the hydroxyl groups. The presence of a bonding

molecular orbital along the U-Operoxo bond, together with the observation that the O

atoms of the hydroxyl group are more ionic than those of the peroxide group, confirms

that there is some covalent bonding in the case of the peroxide bridge. In Figure 2 we

also report the orbitals in the HOMO-LUMO region, which are mainly localized on the

two uranyl moieties. These four orbitals are similar in the peroxo and hydroxo cases.
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Figure 4.2: Selected molecular orbitals responsible for the bonds in cluster 2U-P-Na.

The upper orbital shows the covalent interaction between the central peroxo and the

two U atoms. The other four orbitals are those in the HOMO-LUMO region and they

are entirely uranyl-based. U, blue; O, red; Na, purple.

We propose that the difference in bonding along the U-Operoxo and U-Ohydroxo bonds

revealed by our calculations is responsible for the bent U-O2-U dihedral angle, while

the U-(OH)2-U dihedral angle in the comparable cluster tends to be planar. However,

recall the calculations on the 2U−P and 2U−P−Na clusters indicate that the U-O2-U

dihedral angle becomes bent only when the charge of the uranyl polyhedra is balanced

by counterions. A possible explanation for the bent U-O2-U dihedral angles observed

experimentally and confirmed by our calculations is that the counterions in our calcu-

lations interact with the uranyl ion O atoms, making the U atoms more available for

interactions with the equatorial O atoms of peroxide or hydroxyl groups; however, while

in the peroxo-bridged cluster a U-Operoxo covalent bond forms. This cannot happen in

the hydroxo-bridged case because the O atoms of the hydroxyl groups are polarized by

the presence of the H atoms.

The argument usually advanced to explain the formation of cation-oxo ligand inter-

actions is that strong equatorial donors increase the negative charge on the oxo ligands,
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thereby increasing their Lewis basicity. This was discussed in a paper by Clark et

al.; [304] on the basis of their argument, the hydroxo complex should exhibit stronger

uranyl interactions (over the peroxo), because it is a stronger donor. Ingram et al. [305]

also discussed the same issue and showed that the Lewis basicity increases with the

number of coordinated hydroxides. However, according to Ingram et al. [305] the hy-

droxide is not necessarily a stronger donor and peroxide forms in some complexes very

short bonds with uranyl, in agreement with our interpretation of the results we obtain.

The observation that counterions are needed in our model clusters to produce bent

U-O2-U dihedral angles prompted us to hypothesize that counterions may permit tuning

of the U-O2-U dihedral angle. We optimized the geometries for each of the clusters under

study using Li, Na, K, Rb or Cs as the counterions (designated A in the descriptors).

The resulting geometries are presented in Tables 4.2-4.5. The optimized geometries of

the two uranyl bipyrimid polyhedra in the simplest cluster 2U−P−A remain essentially

constant despite changing the counterion, with the exception of the uranyl ion bond

angle, which is more bent in the case of A ) Li. The U-O2-U dihedral angle of the

peroxo bridge steadily increases with the size (and decreasing electronegativity) of the

counterion, from 140◦ in the case of A ) Li to 164◦ for A ) Cs. In Figure 4.3 we report

the peroxo dihedral angle as a function of the ionic radius of the counterion for the

2U−P−A clusters. In Table 4.6 we report Mulliken charges for the 2U−P−A clusters

for various counterions. In going from Li to Cs, the uranyls become less ionic and the

Operoxo more negatively charged as the UOOU dihedral angle increases.

Table 4.6: Most significant structural parameters of 5U-P-Ox-A clusters in the presence

of different counterionsa

Li Na K Rb Cs

U +0.94 to +1.02 +0.62 to +0.68 +0.64 to +0.69 +0.60 to +0.70 +0.55 to +0.64

Oyl -0.67 to -0.47 -0.69 to -0.53 -0.69 to -0.52 -0.68 to -0.54 -0.64 to -0.56

Operoxo -0.36 to -0.34 -0.44 to -0.34 -0.45 to -0.34 -0.46 to -0.41 -0.41 to -0.37
aWhen two values are reported, they represent the shortest and longest ones, respectively.
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Figure 4.3: Peroxo dihedral angle as a function of the ionic radius [306] of the counterions

in the 2U-P-A clusters

We also determined the energy difference between the planar and bent structures for

2U−P−A, for A ) Li to Cs. The energy difference between planar and bent decreases

along the series, going from 37 kcal/mol for Li to 6 kcal/mol for Cs. This trend is

consistent with the trend in the bending angle.

For comparison, optimized geometries for the hydroxo- bridged clusters 2U-OH-A

and 2U-OH-A-H2O are listed in Table 3. For 2U-OH-A the calculated geometries of

the uranyl polyhedra do not differ much as the counterion is changed, except again in

the case of A = Li, where the uranyl ion bond angle is more bent than the others. The

U-(OH)2-U dihedral angles for the bridging hydroxo edge are 180 within uncertainty

for A = Li, Na, Rb, and Cs. For A = K, the dihedral angle is 157◦. We attribute the

nonplanarity of the bridge to counterions bridging between two uranyl ion O atoms,

which would encourage bending in a pliable system. It also seems plausible that K has

the perfect ionic radius to bridge two uranyl ion oxygens.

Where two H2O groups are added to the optimization (2U−OH−A−H2O), the U-

(OH)2-U dihedral angle for the bridging hydroxo edge is 180◦ within uncertainty for A

= Li and Na. For A = K, Rb, and Cs, the dihedral angles are 153◦, 161◦ and 170◦,

respectively.
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Optimizations for the 2U−P−Ox−A clusters (Table 4) result in generally reason-

able polyhedral geometries with the exception of the uranyl ion bond angles, which are

more bent than expected. The U-O2-U dihedral angles of the peroxo bridge steadily

increase with the size of the counterion, ranging from 115◦ for A=Li to 171◦ for A=Rb

and 167◦ for A=Cs. Calculations for the hypothetical 2U−OH−Ox−A cluster provided

optimized geometries that are generally incompatible with those expected from exper-

imental studies of other clusters, with O−O distances between hydroxyl groups being

too short and uranyl ion bonds departing too far from linearity. We emphasize that this

cluster has not been obtained experimentally. Despite the shortcomings in the polyhe-

dral geometries, the U-(OH)2-U dihedral angles for the bridging hydroxo edge are 180◦

within uncertainty for A = Na, K, Rb, and Cs. In the case of A = Li, the dihedral angle

is 150◦.

Geometric parameters for the optimized 5U−P−Ox−A clusters are reported in Table

5. There are five uranyl ions that share five peroxo bridges, forming a pentagonal ring.

The calculated bond lengths and angles of the uranyl bipyramids are consistent with

experimentally derived values and differ only slightly with the identity of the counterion

present. In contrast, the U-O2-U dihedral angles vary considerably and systematically

with the ionic radii of the counterions, from 129-133◦ for A = Li to 157-158◦ for A = Cs.

In other words, increasing the size of the counterion associated with the five-membered

ring significantly flattens the overall structure.

4.1.4 Conclusions

Formation of closed clusters of uranyl peroxide polyhedra is spontaneous in aqueous

solutions under ambient conditions, and such clusters can persist for months in solu-

tion. [65, 68, 296–298] Their topologies are highly complex, containing 20-60 uranyl

ions. There are many possible topologies for the clusters, including fullerene topologies

and some that contain topological squares. Three fundamental questions have arisen

concerning these nanoscale clusters and their self-assembly in solution:

(1) What factor(s) cause the polyhedra to assemble into nanostructures rather than

into conventional extended structures?

(2) Why do clusters with different sizes assemble, currently ranging from 20 to 60
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uranyl polyhedra?

(3) For a given number of vertices, what determines which topological isomer is se-

lected?

We have recently concluded that isomer selection is dominated by symmetry. [67, 297]

Specifically, for a given number of uranyl polyhedra, the cluster with the highest possible

symmetry (excluding those that would require unreasonable edges) will form because

this is compatible with the most even distribution of any strain associated with the

required curvature. Our calculations now allow us to address the first two questions.

All electroneutral clusters containing a peroxo bridge between uranyl bipyramids have

strongly bent U-O2-U dihedral angles. The corresponding U-(OH)2-U dihedral angle

in model clusters tends to be flat, although a bent angle is not prohibited. It is the

covalent interaction that extends along the U-Operoxo bonds that causes the U-O2-

U dihedral angle to be bent, and it is this inherent bending of the configuration that

encourages curvature and cage cluster formation. Our calculations have also shown that

the U-O2-U dihedral angle of the peroxo bridge is tuned by the size or electronegativity

of the counterion present. In other words, different counterions favor different degrees

of curvature, which is reflected in the range of cluster sizes.
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4.2 Uranyl-Peroxide Nanocapsules in Aqueous Solution

The self-assembly of uranyl-peroxide nanoclusters in aqueous solution is unique in

uranium chemistry and has potential applications in the fabrication and reprocessing of

actinide-based materials. We present the first study of these species in aqueous solution

by means of classical molecular dynamics simulations. We have parameterized a uranyl-

peroxide force field from interaction energies computed with second order Møller-Plesset

perturbation theory and fit to a Born-Huggins-Meyer potential. Bonded parameters

were fit from density functional theory calculations. The solvent and counterion struc-

ture of four different systems ([(UO2)]
2+ (U1), [(UO2)2(O2)]

2+ (U2), [(UO2)5(O2)5]

(U5), and [(UO2)20(O2)30]
20− (U20) has been studied in aqueous solution.

4.2.1 Introduction

Uranium is the second most abundant actinide in Earth’s crust and a major source

of energy which has led to the storage of over 65,000 tons of waste in the U.S. alone.

Additionally, tens of thousands of tons are produced each year worldwide. Despite

the challenges, many countries depend on the industrial-scale use of actinides as fuels

for commercial nuclear power plants and this has a considerable impact on the envi-

ronment. [2] Understanding and controlling the solution chemistry of the uranyl ion,

[UV IO2]
2+, is central to the development of an advanced nuclear energy cycle. To this

end, gaining nanoscale control over actinide materials is of high interest and promises

a more effective method for processing nuclear materials with applications not only in

materials fabrication but also in the reprocessing of irradiated fuel. [66] Furthermore,

actinide clusters have the potential to form under environmental conditions and open

questions persist regarding the impact this would have on the mobility of actinides under

environmental conditions. [74]

Pursuing this goal, a family of nanocapsules in which uranyl polyhedra are bridged

through peroxide and hydroxide groups has been discovered. More recently, larger link-

ing groups like oxalate or pyrophosphate have been incorporated into cluster topolo-

gies. [69–72] The self-assembly of these species in strongly basic aqueous solution at

Manuscript in preparation.
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room temperature is unique in uranium chemistry. In all cases, the uranyl polyhe-

dron is a hexagonal bipyramid, the apices of which correspond to the oxygen atoms

of the uranyl cation. The bipyramids then bind to each other by sharing equatorial

edges with adjacent polyhedra. Clusters containing up to 120 uranyl polyhedra have

been characterized and exhibit a wide range of high symmetry topologies including

fullerenes. [65–68, 73]

The presence of uranyl-peroxide bridging groups is fundamental in capsule forma-

tion. The pliability of the U-O2-U dihedral angle allows for the formation of non-planar

species that, in the end, close as a capsule.[75, 76] Additionally, the alkali countercations

present during synthesis play a critical role as the curvature of the resulting capsule is

controlled, to some extent, by cation coordination. [69, 78, 79] To date, experiments

and quantum chemical studies have been able to provide information on the position

of the encapsulated counterions but not of the counterions outside the capsule. [69]

Furthermore, the solvent structure and counterion positions inside the capsules larger

than U28 remains unknown. In analogy to what has been observed in the field of

classical polyoxometalates, these polyanionic capsules likely interact with cations in

solution.[307] Understanding the solvent and counterion dynamics surrounding uranyl-

peroxide nanocapsules is fundamental in the design of new nanocapsules in order to

avoid or enhance the trapping neutron poisons for use in an advanced nuclear fuel cycle

through size separation techniques. [69]

As a first step in this direction, we have developed uranyl-peroxide force field and

have studied four systems: ([(UO2)]
2+ (U1), [(UO2)2(O2)]

2+ (U2), [(UO2)5(O2)5] (U5),

and [(UO2)20(O2)30]
20− (U20) (Figure 4.4) by means of classical molecular dynamics

simulations. All of these species have been experimentally synthesized. U2, the smallest

known uranyl-peroxide system, has been proposed as the first step towards the formation

of U5, U20, and other nanocapsules. [68, 301] Analogously U5 has been proposed as the

building block of the U20 nanocapsule that is composed of twelve pentagonal faces. [68,

75, 76, 78]
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Figure 4.4: Uranyl and uranyl-peroxide systems studied in this work: [(UO2)]
2+ (U1)

(a), [(UO2)2(O2)]
2+] (U2) (b), [(UO2)5(O2)5] (U5) (c), and (UO2)20(O2)30]

20− (U20)
(d). Color code: Uranium in yellow, oxygen in red and hydrogen in white.

4.2.2 Computational Details

Classical Molecular Dynamics

All of the molecular dynamic simulations were performed using the DLPOLY classic

package developed at Daresbury Laboratory. [308] The systems were simulated using

the force field parameterized in this work (see Section 4.2.2 for details). The solvent,

water, molecules were described using the TIP3P water force field and the sodium ions

using the parameters proposed by Lee and Rasaiah. [309, 310]

Electrostatic interactions were accounted for by using the Ewald summation tech-

nique with a convergence parameter of 0.210 and considering a maximum of six wave

vectors in each direction. The Verlet leapfrog algorithm was used to integrate the equa-

tions of motion with a time step of 1 fs and a cutoff of 10 Å. In order to optimize

the CPU usage, we have used a Verlet neighbor list with a cutoff radius of 11 Å. The

rigid body rotational motion is handled under the leapfrog scheme with Finchams im-

plicit quaternion algorithm [311] with a tolerance of 10−6. All of the simulations were

performed at room temperature (298 K) with a pressure of 1 atm.

The systems were solvated using a different number of water molecules depending

on the system size. The smaller species (U1 and U2) were simulated including 512

water molecules meanwhile simulations for the larger species U5 and U20 included 1024

and 2048 water molecules, respectively. In the U20 simulations, twenty Na+ ions were

also included to neutralize the system. After the NPT equilibration for the flexible



134

simulations, the simulation box was 25.1, 24.9, 31.3, and 39.3 Å3 for U1, U2, U5 and

U20, respectively.

All of the systems were equilibrated running 100ps NVT followed by 500ps NPT. In

the NVT simulations, the temperature was kept fixed using the Nosé-Hoover thermostat

with a relaxation time equal to 20 fs. [312, 313] In the NPT simulations, the pressure

was kept fixed using the Nosé-Hoover barostat with a relaxation time equal to 40 fs.

Once equilibrated, we performed production simulations in different ensembles (NPT,

NVT and NVE). The details of the production runs for each system are given in the

Supporting Information. In the production simulations, the positions and velocities of

the system were stored every 10 time steps for analysis a posteriori.

Second-Order Møller-Plesset Perturbation Theory Calculations

Second order Møller-Plesset perturbation calculations on U1 and U2 were used to gen-

erate interaction curves with water. They were performed using the Molcas 7.6 pack-

age. [172] The counterpoise correction was used to account for basis set superposition

error and relativistic effects were treated through the use of the scalar Douglas-Kroll-

Hess (DKH) Hamiltonian. [169, 294] An ANO-RCC-VDZP basis set was used for all

atoms. [170, 295] Additionally, the Cholesky decomposition technique was combined

with Local Exchange screening to significantly reduce the computational cost involved

in generating the two-electron integrals. [173–176]

Density Functional Theory Calculations

Geometry optimizations were performed for U2, U5, and U20 using density functional

theory (DFT) within the Amsterdam Density Functional (ADF2010) program. [50]

The Perdew-Burke-Ernzerhof exchange-correlation functional (PBE) was employed to-

gether with a triple-ζ plus two polarization function basis set on all atoms. [96, 314]

For non-hydrogen atoms, a relativistic frozen-core potential was used. Relativistic

corrections were introduced by the scalar-relativistic zero-order regular approxima-

tion (ZORA). [179] Solvent effects were introduced using the continuous solvent model

COSMO, [315] and geometries were fully optimized taking advantage of symmetry when

present.
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Uranyl-peroxide Force Field Parameterization in aqueous solution

The non-bonded interactions were parameterized from second order Møller-Plesset per-

turbation (MP2) calculations, [168] while the bonded interactions were parameterized

from density functional theory (DFT) calculations. [96] We computed several U1-water

and U2-water interaction energy curves with different water orientations in order to

sample the most relevant interactions between the uranyl and peroxide fragments with

solvent (Figure 4.5). Interaction energies were computed at the MP2 level of theory us-

ing the Molcas software package. [172] The U1 geometry was fixed at dU−O=1.705 Å and

the TIP3P geometry was used for water. The non-bonded interaction is composed of

two terms: an electrostatic/Coulomb term and a non-electrostatic term.

For the electrostatic term, we used the atomic partial charges for U1, U2 and U5

species we used the quadrupolar charges derived from the scheme developed by Swart

et al. [183] (Table 4.7). The large negative charge in the U20 nanocapsule leads to

a set of DFT charges that are significantly different from the species used in the pa-

rameterization of the non-bonded terms. In consequence, we used the oxygen charges

from U2 for both the uranyl and peroxide oxygen atoms in the nanocapsule and scaled

the uranium charge to maintain the overall charge of the capsule. The electrostatic

term was subtracted from the curves prior to fitting the non-electrostatic term to a

Born-Huggins-Mayer (BHM) potential of the form

V NB
ij =

∑
i,j

(Aije
−Bijrij +

Cij

r6ij
+
Dij

r8ij
) (4.1)

where Ai,j , Ci,j and Bi,j are the parameters defined for each atom couple and ri,j is

the distance. The parameters of O-Owater, U-Owater and Operoxide-Owater couples are

presented in Table 4.8. The non-electrostatic parameters between the oxygen centers

in the studied species and the sodium counterions were considered to be equivalent to

the water-sodium parameters. Meanwhile, the uranium-sodium terms were considered

to be negligible.
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Figure 4.5: The pathways along which interaction energy curves were derived for the
U1-water and U2-water interactions. Color code: Uranium in yellow, oxygen in red and
hydrogen in white.

Table 4.7: Atomic partial charges used for electrostatic term in the molecular dynamics

simulations.

Species U Ouranyl Operoxide

U1 2.540000 -0.270000 –

U2 2.459900 -0.467100 -0.525700

U5 2.426986 -0.591360 -0.672133

U20 1.511300 -0.467100 -0.525700

Table 4.8: Intermolecular parameters for non-bonded term using the Born-Huggins-

Mayer potential presented in Eq. 4.1

Aij Bij Cij Dij

Atom i Atom j kJ Å12/mol kJ Å6/mol kJ Å6/mol kJ Å8/mol

U Owater 360.92331 0.68480 58103.45591 -283958.20450

Ouranyl Owater -3898.95694 1.30286 -59841.66996 138921.01370

Operoxide Owater -29.49020 0.21039 -8536.38565 0.00000

The U-Ouranyl and Operoxide-Operoxide bond stretch parameters were fit to a har-

monic potential (Eq. 4.2) from the vibrational frequencies obtained at the DFT level.
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Single point calculations at the same level of theory were performed along the (Ouranyl-

U-Ouranyl) and (Ouranyl-U-Operoxide) reaction coordinates in U1 and U2, respectively.

The potential energy curves were fit to a harmonic potential (Eq. 4.3). Moreover, the

pliability of the U-(Operoxide)2-U dihedral angle has been demonstrated both experi-

mentally and computationally.[40, 75, 301] Our force field does not define any explicit

dihedral, since they are already included indirectly (e.g. Ouranyl-U-Operoxide already

defines the U-(Operoxide)2-U dihedral double well). All of the bonded parameters are

summarized in Tables 4.8 and 4.9.

V B
ij =

1

2
Kij(rij − r0ij)2 (4.2)

V B
ijk =

1

2
Kijk(φijk − φ0ijk)2 (4.3)

Table 4.9: Parameters for the bond stretching and angle bending modes using the

potentials presented in Eq. 4.2 and 4.3 respectively.

Kij/Kijk dij
0/φijk

0

Atom i Atom j Atom k kJ/mol Åor deg.

U Ouranyl – 8537.71935 1.769

Ouranyl U Ouranyl 657.61177 180.0

Operoxide Operoxide – 4848.29742 1.4455

U Operoxide – 1876.71236 2.3382

Ouranyl U Operoxide 590.80666 93.0

4.2.3 Results

Uranyl and uranyl-peroxide dimer

The first step in the validation of the uranyl-peroxide force field is to study the funda-

mental nanocapsules building blocks used in the parameterization process (U1 and U2).

For U1, we compare our results with previous experimental results [316] and simulations

performed with classical molecular dynamics both with non-polarizable [317–319] and

polarizable [302] force fields. Unlike U1, there are no previous studies on U2 in solu-

tion; therefore, a direct comparison with experiment cannot be made. The structural

hydration properties of U1 and U2 are summarized in Table 4.10.
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Table 4.10: Structural hydration properties of U1 and U2 species. rU−Owater corresponds

to the first peak in the U-Owater g(r) and the corresponding coordination number (CN).

Distances are in Å and for the flexible simulations the rU−Ouranyl value is an average.

Method Polarizable Flexible rU−Ouranyl rU−Owater CNU−Owater

U1 (This work) cMD No No 1.705 2.39 5

U2 (This work) cMD No No 1.802 2.42 3.8

U1 (This work) cMD No Yes 1.78 2.39 5

U2 (This work) cMD No Yes 1.78 2.42 4.0

U1 (Wipff et al. [317, 318]) cMD No Yes 1.80 2.45 5

U1 (Rai et al. [319]) cMD No No/Yes[a] 1.76 2.41 5

U1 (Hagberg et al. [302]) cMD Yes No 1.705 2.40 5

U1 (Experimental [316]) – – – 1.77 2.41 5.3
[a]Bond distances were fixed but angles were allowed to vary in some MC simulations.

In order to study the structure of the various solvation shells, we plotted the radial

distribution function, g(r), of different atom pairs in the U1 and U2 simulations. When

comparing the rigid simulations, the first peak in the U-Owater g(r) corresponds to

the first solvation shell and has an equilibrium distance near 2.4 Å in both U1 and

U2 (Figure 4.6). The U-Owater distance and coordination number (CN) in U1 is in

good agreement with previous experimental and simulated results (Table 4.10). The

biggest difference between the solutes is the CN. Our simulations confirm that one

uranyl unit alone, U1, coordinates five water molecules in its equatorial plane while

in U2 four waters coordinate to each uranium center. Recall that each uranium also

coordinates an η2-O2 ligand making the total CN equal to six in U2. Moreover, the U-

Owater distance in U2 is slightly longer when compared with U1; however, this distance is

consistent with the change in coordination number (Table 4.10). In 2005, Burns reported

a survey of the known uranyl minerals and inorganic compound and found the average

distances between uranium and equatorial oxygen atoms in pentagonal bipyrimids was

2.37 Å while in hexagonal bipyrimids it was 2.45 Å. [320]
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Figure 4.6: Radial Distribution Function between U-Owater of the rigid (top) and flexible

(bottom) U1 and U2 simulations. The Owater CN in the uranium center is also plotted

on the right axis. For both simulations, the total simulation time was 5ns NVT and 1ns

NPT. Horizontal dashed line indicates the uranyl coordination number of five and four

for U1 and U2 respectively. The RDF goes to 1 at long distances but is not shown in

the plotted range of the x-axis.

Both the rigid and the flexible simulations predict a U-Owater distance in uranyl

equal to 2.39 Å(CN=5) in good agreement with the previous simulations and EXAFS

studies. [316] However, in U2 the coordination number increases from 3.8 to 4.0 when the

force field is allowed to be flexible. A hexa coordinate uranium center is predominant in

uranyl-peroxide species and has been observed experimentally in many dimeric species

and nanocapsules. [66]
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The tridimensional probability distribution of the solvent surrounding U1 and U2

can be analyzed by means of spatial distribution functions (SDF) (Figure 4.7). The U1

SDF shows the water oxygen probability distributed in the equatorial plane and two

rings (above and under) where the hydrogen probability is located (perpendicular to the

U1 axis). Furthermore, in U2 four probability basins for the water oxygens are found

for each uranium center confirming the RDF results presented in Figure 4.6.

Figure 4.7: Top and side view of the spatial distribution function (SDF) of the rigid U1

(left) and U2 (right) at isosurfaces of 0.6 and 0.4, respectively, from the 1 ns NVT simula-
tions. The water oxygen and hydrogen probabilities are shown red and semitransparent
white. The U1 and U2 structures are shown in grey.

The flexible simulations allow thermal fluctuations of U1 and U2 from their equilib-

rium structure. The average values for the bond, angle and dihedral oscillations in time

for both systems are presented in Table 4.11. The average U-Ouranyl bond and Ouranyl-

U-Ouranyl angle are in good agreement with experimentally determined values. [320? ]

Likewise, the U-(Operoxide)2-U butterfly dihedral fluctuates during the simulation rang-

ing from around 160◦ to 180◦ in U2 with an average of 172.9◦. One should remember the

large pliability of the U-(Operoxide)2-U dihedral angle when calculated and experimental

values are compared. It has been shown that the crystal packing effects have a direct

influence on the observed dihedral angle in the X-ray crystal structure, explaining the
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observed difference. [321] Additionally, the U-(Operoxide)2-U dihedral value in solution

remains experimentally unknown.

Table 4.11: Comparison between the calculated and experimental average (1ns) dis-

tances, angles and the U-(Operoxide)2-U dihedral angle in flexible U1 and U2. Distances

are in Å and angles in degrees.

U1 U2

Flexible MD Flexible MD Exp. [68]

d(U-Ouranyl) 1.78 1.78 1.79

d(Operoxide-Ouranyl) – 1.41 1.47

d(U-Operoxide) – 2.41 2.33

α(Ouranyl-U-Ouranyl) 175.7 175.3 177.5

φ(U-(Operoxide)2-U) – 172.9 153.0

The strength of an apical interaction between water and the uranyl oxygen was long

debated in the scientific community being nowadays it is clear that the uranyl oxygen

does not interact strongly with water molecules. [302, 316, 319] This behavior is highly

dependent on the force field used and previously reported non-polarizable force fields

were unable to correctly describe this interaction. [317, 318] Polarizable potentials were

in agreement with experimental results. In Figure 4.8 we present the Ouranyl-Owater

and Ouranyl-Hwater g(r), which shows the absence of strong apical hydrogen bonds in

our simulations. The observed peak at approximately 3 Å in the Ouranyl-Owater g(r)

corresponds to the five equatorial water molecules. Likewaise, the first two peaks in

the Ouranyl-Hwater plot are assigned to the H atoms of these waters. This description

is consistent with what was reported by Hagberg et al. in which the equatorial waters

were also the nearest neighbors of the uranyl oxygen atoms. [302]

Uranyl-peroxide Pentamer

After validating the uranyl-peroxide force field for the smallest building blocks, we em-

ployed it to predict hydration properties for the U5 cluster. Although experimental data

is not available for comparison, the simulations showed that water around the isolated

pentagonal face is even more ordered than in the dimer. Both the rigid and flexible sim-

ulations predicted similar U-Owater radial distribution functions (see Figure 4.9). The
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Figure 4.8: The Ouranyl-Owater g(r) for U1 flexible (left) and the Ouranyl-Hwater g(r) for
U1 and U2 for the flexible (right). Plots for the rigid simulation (not shown) shown the
same picture.

first peak is centered at 2.42 Å, and the same average U-Owater distance is observed in

the first coordination shell as was seen in U2. In U5, each uranium center is coordinated

to two η2-O2
2− ligands and has a water coordination number of 2.0. The subsequent

peaks in the U-Owater RDF correspond to water ligands located on neighboring uranium

centers.

Additionally, the SDF was plotted to show water coordination in three-dimensions

(Figure 4.10). As is the case for U2, the equatorial water molecules are represented by

probability basins; two for each uranium center. The most interesting feature is that a

single water molecule sits underneath the five uranyl oxygen atoms in the center of the

pentagonal face. This is consistent with X-ray diffraction studies that show a counterion

occupies this position. [68]

While there is no experimental information for U5 in solution, the K10[(UO2)(O2)(C2O4)]5

(H2O)13 [68] cluster has been experimentally characterized in the solid state. This struc-

ture contains an oxalate ligand in the position of the two equatorial water molecules

present in our simulations. A comparison between relevant geometric parameters can

be made (Table 4.12) between the solid state and the average values from our flexible

simulation. In the simulation, the average U-Ouranyl bond distance and Ouranyl-U-

Ouranyl angle are 1.77 Å and 173.5◦ respectively. Furthermore, the U-(Operoxide)2-U
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Figure 4.9: Radial Distribution Function between U-Owater of the rigid (left) and flexible
(right) U5 simulations. The Owater CN in the uranium center is also plotted (right
axis). The total simulation time was 5ns NVT and 1ns NPT for both rigid and flexible
simulations. The horizontal dashed line indicates the uranyl-water coordination number
of two. The RDF goes to 1 at long distances but is not shown in the plotted range of
the x-axis.

angle fluctuates during the simulation with an average of 169.5◦. Again, these values

are in reasonable agreement.

Table 4.12: Comparison between the calculated and experimental average (50ps) dis-

tances, angles and the U-(Operoxide)2-U dihedral angle in flexible U5. Distances are in

Å and angles in degrees.

U5

Flexible MD Exp. [68]

d(U-Ouranyl) 1.77 1.80

d(Operoxide-Ouranyl) 1.42 1.48

d(U-Operoxide) 2.41 2.35

α(Ouranyl-U-Ouranyl) 173.5 178.8

φ(U-(Operoxide)2-U) 169.5 143.6

Finally, during the flexible simulations, the entire U5 face can flip from concave to

convex. Analogous inversion has been shown for uranyl peroxide squares in the U24-P
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Figure 4.10: Top and side view of the spatial distribution function (SDF) of the rigid U5

at an isosurface of 0.1 from the 1ns NVT simulation. The water oxygen and hydrogen
probabilities are shown red and semitransparent white while the U5 structure is in grey.

capsule by phosphorus NMR. [322] Although the U24P capsule does not contain any

pentagonal faces, the fact that uranyl peroxide square faces have been observed to

invert suggests that the inversion of U5 observed in our simulations is not a relic of our

calculations.

Uranyl-peroxide U20 Nanocapsule

Sigmon et al. [68] synthesized the smallest known uranyl-peroxide nanocapsule U20 con-

taining 12 pentagonal faces. We selected this capsules to validate our force field as well

as to study the dynamics of solvent and counterions interactions with the nanocapsules.

The U5 simulations revealed highly stable site for a water molecule in this pentagonal

structure. In consequence, our initial structures position a water molecule in each of

the faces of U20. To explore the loading of water in the central part of U20 we ran simu-

lations with initial configurations ranging from 6 to 10. In this initial study, no sodium

counterions were placed inside the internal cavity of the capsule. Future studies us-

ing molecular dynamics in combination with Grand Canonical Monte Carlo simulations

are required to gain a detailed understanding of the number of water and counterions

present inside the capsule at equilibrium.

Analysing the results, we find that one water molecule is present at the center of

the capsule. The RDF between this water and the remaining solvent molecules is given
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in Figure 4.11. From the Ocenter-Owater RDF alone, it is clear that the water inside the

capsule is ordered. The encapsulated water is divided into two groups as shown by two

distinct peaks each representing 12 water molecules. The first occurs at 2.5 Å from the

center and the second at 5.2 Å. Therefore, 25 water molecules are present inside the

U20 capsule which has a volume of approximately 200 Å3 (a radius of 6 Å).

Figure 4.11: Radial Distribution Function between the center of the flexible U20

nanocapsule and Owater (left). The number of water molecules as a function of the
distance to the center of the capsule is also plotted (right axis). The total simulation
time was 500ps NVT. The RDF goes to 1 at long distances but is not shown in the
plotted range of the x-axis. Moreover, the structure of the two concentric water clusters
of Ih symmetry are presented (right)

The encapsulated water is highly ordered as it can be seen in Figure 4.11. In

analogy to U5 a water molecule is present under each pentagonal face corresponding

to the second peak at 5.2 Å in the RDF. Most interestingly, 12 additional waters are

encapsulated in the internal cavity of U20 in a highly ordered Ih symmetry ice-like water

cluster. We should note that in this simulation the Na+ ions were far from the capsule

and as a result no cation was able to the capsule. Additional simulations show that

Na+ is small enough to enter the capsule and are able to break the water structure. In

analogy with classical giant polyoxomolybdates, we postulate that if a larger counterion

unable to enter the capsule were to be used that the inner a water cluster could be

isolated in the X-ray crystal structure. [323] Although more simulations are required
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to fully explore the manner in which counterions interact with the capsule, we have

observed three different interaction sites thus far. In particular, the Na+ ion interacts

with the pentagonal face either outside the capsule, inside the capsule displacing one

of the outermost waters inside the cluster, or further inside the capsule displacing the

waters in the icosahedron.

4.2.4 Conclusions

We have developed a force field based on ab initio calculations on U1 and U2 making use

of an accurate but computationally inexpensive Born-Huggins-Mayer (BHM) two-body

potential. Through a building block approach, this force field can be used to study

uranyl-peroxide nanocapsules in aqueous solution. This force field can be extended

to other linking groups in a straight-forward manner. Simulations of small units (U1,

U2 and U5) are consistent with solution and solid state data for uranyl and uranyl

peroxide species. The effect of the flexibility of the system on its interaction with solvent

molecules was explored and found to be minimal. Furthermore, the U20 nanocapsule

was also studied with both rigid and flexible models and a highly symmetric water

cluster was found to occupy the capsule when Na+ counterions are far from the capsule.
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4.3 Synthesis and Characterization of the First 2D Nep-

tunyl Structure Stabilized by Side-on Cation-Cation

Interactions

4.3.1 Introduction

Sullivan et al. first introduced the concept of a cation-cation interaction (CCI) in

actinide chemistry after observing unexpectedly short distances between [UV IO2]
2+ and

[UV O2]
+ cations in aqueous solution. [77] Subsequently, analogous interactions have

been observed among actinyl cations [AnO2]
n+ and also between actinyl cations and

transition-metal cations. In actinide chemistry, a CCI occurs if an “yl” O atom of one

actinyl ion coordinates a second actinyl ion. CCIs are most common for AnV cations,

especially NpV , although several compounds with CCIs between AnV I actinyl ions have

been reported. The CCIs between NpV and UV actinyl cations are important in the

disproportionation of AnV species, because electron transfer can occur through the

bridging oxo species. CCIs increase the complexity of actinide speciation in solution,

and the topology and dimensionality of solid-state compounds. [324–328]

Species containing CCIs have been widely characterized in the solid state, in so-

lution, and in melts by using spectroscopic techniques, such as IR/Raman, UV/Vis,

large-angle X-ray scattering (LAXS), extended X-ray absorption fine structure (EX-

AFS), and high-energy X-ray scattering (HEXS). [329–335] In the solid state, the CCI

between two [AnO2]
n+ cations adopts two forms: the common T-shaped (or end- cations

adopts two forms: the common T-shaped (or end-on) and the rare H-shaped (or side-on)

interactions. The nature of these interactions cannot be explained by simple electrostat-

ics and is best described by noting that an actinide atom acts as a Lewis acid, whereas

an oxo oxygen plays the role of a Lewis base. However, despite the large number of

experimental data available, structures containing CCIs cannot be designed a priori,

Reproduced from B. Vlaisavljevich, P. Miró, D. Ma, G. E. Sigmon, P. C. Burns, C. J. Cramer, L.

Gagliardi

Chemistry – A European Journal 2013, 19 (9), 2937–3941.

c©2013 John Wiley and Sons
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because understanding of the nature of these interactions remains limited.

Herein, the synthesis and characterization of a new sheet structure,K[(NpV O2)(OH)2]

2H2O (1), which provides a rare example of side-on CCIs, is presented (Figure 4.12).

Specifically, this compound is the first to contain a side-on CCI in an extended sheet

structure. To date, only two molecular complexes containing a side-on CCI have been re-

ported: Na4[(NpO2)2C12O12] H2O (2) by Couson et al. and [(NpV O2)2(bpy)2(C7H4O2F)2]

(3) by Grigoriev et al. [336, 337] These were synthesized under anhydrous conditions,

whereas 1 is the first structure with a side-on CCI to be synthesized in water.

Figure 4.12: Ball-and-stick and polyhedral representations of the X-ray structure

of K[(NpV O2)(OH)2]·2H2O. The CCIs are highlighted in yellow. Interstitial water

molecules and potassium cations have been omitted for clarity. Color code: Np in

green; O in red.

The unit cell of 1 contains a single asymmetrical [(NpO2)]
+ cation with Np≡O bond

lengths ranging from 1.86 to 1.91 Åand a bond angle of 178.2◦. The neptunyl at ion has

four hydroxyl ligands and a neptunyl oxo oxygen (CCI) in the equatorial plane. The

resulting pentagonal bipyrimid has Np−O(H) bond lengths ranging from 2.38 to 2.52

Å. The X–ray structure of 1 is consistent with previously reported species containing

[NpO2] , in which the Np≡O and the equatorial Np≡O bond lengths are approximately

1.84 and 2.46 Å, respectively. [296] Adjacent neptunyl pentagonal bipyramids share

edges defined by two hydroxyl groups, forming infinite chains.

Cationcation interactions link the chains into a 2D sheet, in which each neptunyl

ion of a given chain accepts a CCI, and donates a CCI, both with a symmetrically

identical neptunyl ion of an adjacent chain (Figure 4.12). In contrast to the situation
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for the previously reported structures 2 and 3, chelating ligands do not bridge the two

neptunyl moieties involved in the side-on CCI. This confirms that the side-on CCI can

exist without the presence of chelating bidentate ligands, and that the interaction does

not exist due only to ligand stabilization.

The neptunyl sheets in 1 are anionic, and the charge is balanced by interstitial K

cations. A single symmetrically distinct K site is located between the oxygen atoms of

two adjacent neptunyl cations, as well as a hydroxyl ligand that bridges between them.

Five interstitial water molecules complete the coordination sphere of the potassium

cation. Each H2O group is bonded to two K cations, providing bridges between adjacent

sheets of neptunyl polyhedra.

The structure of 1 has some features in common with Na[(NpV O2)(OH)2]. [338,

339] In complex Na[(NpV O2)(OH)2], neptunyl pentagonal bipyrimids share equatorial

edges defined by hydroxyl groups, forming chains analogous to those in 1. However, in

Na[(NpV O2)(OH)2], the chains are linked through end-on CCIs to form a framework

with Na+ cations located within interstitial spaces.

In compounds 2 and 3, the Np≡O bond lengths are similar and range from 1.81

to 1.91 Å, with the Np≡O corresponding to the CCI interaction ranging from 1.86 to

191 Å. In compounds 1, 2, and 3 the netpunyl ions are coordinated by five equatorial

ligands. Despite this, 2 and 3 have slightly shorter distances between the two neptunyl

moieties involved in the CCI (dNp−Np 3.48 and 3.44 Å, respectively) than 1 (dNp−Np

3.54 Å). Inspired by these small but potentially significant geometric differences, we

studied the electronic structure of all three complexes in an effort to probe not only the

nature of the side-on CCI, but also the extent to which ligand effects may alter this in-

teraction. Consequently, the electronic structures of these complexes have been studied

by using a suite of quantum chemical methods ranging from DFT to high-level multicon-

figurational methods, such as the complete active space self-consistent field theory with

corrections from second-order perturbation theory complete active-space self-consistent

field/second-order perturbation theories (CASSCF/CASPT2) [32–34, 170, 295] and the

generalized active-space self-consistent field (GASSCF) theory. [340] Details of the com-

putational study are presented in the Supporting Information.

Of compounds 1, 2, and 3 , only 3 contains an isolated CCI complex, whereas 1 and

2 contain neptunyl polyhedra linked into extended structures. The chain topology of 1
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has been truncated to give a model for computations that contains six neptunyl moi-

eties and one CCI (Figure 4.13). Four different clusters were studied : [(NpV O2)6(OH)8

(H2O)8]
2− (1a), K4[(NpV O2)6(OH)8 (H2O)8]

2+ (1b), [(NpV O2)6 (OH)16]
10− (1c), and

K4[(NpV O2)6 (OH)16]
6− (1d) to probe the CCI environment. In compound 2, each

carboxyl group in the benzenehexacarboxylic acid coordinates to a neptunyl-neptunyl

unit, effectively isolating the CCI in the sheet structure. A single CCI interaction with

the four ligands coordinating to the neptunyl moieties included was selected. How-

ever, the noncoordinating carboxyl groups on each ligand were replaced with hydro-

gen atoms, resulting in the model presented in Figure 4.13. Two additional models,

[(NpV O2)2(H2O)8]
2+ (4) and [(NpV O2)2]

2+ (5) were also considered. All of the geome-

tries were optimized by using DFT for the highest spin state. ref9



151

Figure 4.13: Studied species: [(NpV O2)6(OH)8(H2O)8]
2− (1a),

K4[(NpV O2)6(OH)8(H2O)8]
2+ (1b), [(NpV O2)2(C7H5O2)4]

6− (2),

[(NpV O2)2(bpy)2(C7H4O2F)2] (3), [(NpV O2)2(H2O)8]
2+ (4), and [(NpV O2)2]

2+

(5). Spinorbit-coupled ground states are given in parentheses. Color code: Np in

green; N in blue; O in red; C in grey; F in orange; and K in brown. CCIs are presented

in grey.

Geometry optimizations of the model systems were compared with experimental

results obtained by single-crystal X-ray diffraction analysis (Table S3 in the Supporting

Information). Our model systems have bond lengths and angles winton the Np dimer

that are in good agreement with experiment. A comparison of the calculated geometry

of 3 with that obtained by X-ray diffraction analysis shows very small deviations of 0.02

Å for bond lengths and 0.7◦ for angles. Addtionally, model systems 1a-d and 2 were

truncated from extended solids and deviate at the most by 0.11 Å for bond lengths and

1.9◦ for the angles from the X-ray diffraction data.

Although the model systems 1a-d are computationally intractable at our highest

level of theory, multiconfigurational CASSCF/CASPT2 calculations were performed on
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the other complexes (2-5) to investigate ligand effects relative to the CCI. [32–34, 170,

295] Each neptunyl moiety has a 5f2 configuration on the metal center, and CASPT2

indicated degenerate singlet, triplet, and quintet states for the dimer. The spin-orbit

ground states are similar regardless of model choice with the largest contribution coming

from the triplet in all cases (Figures 4.13 and 4.14; for details, see the Supporting

Information).

Figure 4.14: Constrained potential energy surface for the PBE/def-TZVP energies (5A),

CASPT2 (5Ag), and SO-CASPT2 states.

Based on the computed results, we can conclude that although the ligands studied

are chemically very different, none possess a ligand field strong enough to break the

degeneracies in the pure-spin states or to alter the electronic structure of the spin-orbit

ground state. A scan of one potential energy surface connecting the side-on CCI to the

end-on CCI was performed, and the pure-spin contributions to the spin-orbit ground

state remained the same at all points (Figure 4.14). Although magnetic measurements

were not available for 1, several neptunyl compounds with CCIs underwent magnetic

ordering at low temperatures. [338, 339, 341–343] We contend that the coupling of the

ground-state spin through the CCI could contribute to the antiferromagnetic ordering

in these species.

To probe the nature of the CCI, the topology of the electron density from DFT

calculations for the high spin states of complexes 1 to 5 was analyzed. Topological
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analysis of the electron density revealed two bond critical points (BCP) between the

neptunium centers and the oxygen atoms in the second moiety. These interactions are

ionic in nature, because the Laplacian at the BCP is positive, but the energy density

is slightly negative, which points to some dative character as well. No relevant elec-

tron density topology indicative of a Np−Np direct bond was found between the two

neptunium centers. All of the parameters derived from the topological analysis of the

electron density are presented in the Supporting Information.

To confirm the Lewis acid/base description of the CCI bond, the extended transition

state (ETS) method combined with natural orbitals for chemical valence (NOCV) theory

was used to study the CCI bonding in 4 and 5 (Figure 4.15). [344, 345] ETS–NOCV

partitions the total energy into contributions from each natural orbital. The natural

orbitals revealed that the CCI is a donation from the occupied O 2p orbitals of the

neptunyl ion to the empty 6d orbitals of the Np center. This is in agreement with the

generally accepted idea that CCIs are an acid/base interaction, in which the neptunium

and oxygen ligands assume the roles of a Lewis acid and Lewis base, respectively (see the

Supporting Information for details). In all the studied species, two natural orbitals were

identified as having Np−O interactions between the neptunyl ions with contributions

of −16.9/−11.4 and −12.8/−7.8 kcal/mol for 4 and 5, respectively. All of the other

natural orbital interactions contribute less than 5 kcal/mol.
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Figure 4.15: Natural orbitals for chemical valence (NOCV) with the largest contribu-

tions to the total CCI bonding energy for 4 and 5.

Furthermore, the shared electron number between the Np and other O involved

in the CCI was computed, because this can be used to evaluate the strength of the

interaction. [346] Independently of the chosen cluster model, compound 1 was predicted

to have stronger CCIs with shared electron numbers of approximately 0.2 compared to

all of the other species that have values of approximately 0.08, which suggest a higher

stability of the CCI in 1.

In conclusion, the synthesis and characterization of the first 2D neptunyl structure

stabilized by side-on cation cation interactions was present. The chains in K[(NpV O2)(OH)2].2H2O

are linked into an extended sheet by CCIs. In contrast with side-on CCIs previously

reported, the interaction in 1 is not induced/stabilized by ligands (i.e., through chela-

tion).

Analysis of the electronic structure of 1 showed no direct Np−Np bond. Bonding in

the CCI is intend localized between the neptunium and oxo centers of adjacent neptunyl

moeties. In general, the electronic structure of the CCI is not sensitive to the neptunyl

equatorial ligands. CASSCF/CASPT2 and GASSCF calculations revealed that the

unpaired 5f electrons localized on the neptunium centers couple in a spin-orbit ground
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state composed of singlet (34%), triplet (50%), and quintet (16%) pure-spin states for

all of the systems studied. Furthermore, the side-on CCI has a closed shell interaction

and is best thought of as a Lewis acid/base interaction independent of the neptunyl

equatorial ligands.

4.3.2 Experimental Section

Synthesis: CAUTION!!! Neptunium and its daughter products are radioactive and

should only be handled by trained personnel in appropriate facilities.

A stock solution of NpV was prepared by purifying the neptunium by using a cation-

exchange column containing Dowex-50-X8 resin. The neptunium was dissolved in hy-

drochloric acid (1 M) to a concentration of 102 mmil NpV . A Jasco UV/Vis spectrom-

eter was used to confirm the oxidation state of the NpV stock solution. In a glass vial,

aqueous KOH (0.600 mL, 2 M) and hydrogen peroxide (0.200 mL, 30%) were com-

bined, followed by the addition of NpV stock solution (0.207 mL, 102 mmol) in HCl

(1= M). The vial was covered with Parafilm containing two small holes to facilitate

slow evaporation in air. The initial solution was dark red, and over five days it became

colorless with a green-brown fine-grained precipitate. Approximately ten black crys-

tals of K[(NpV O2)(OH)2].2H2O were formed and obtained for crystallographic studies.

The total yield of K[(NpV O2)(OH)2].2H2O was less than 10% based on neptunium.

We attempted to increase the yield in subsequent synthesis without success. A Bruker

SMART APEX II CCD diffractometer with graphite-mono- chromatized MoKa radia-

tion was used to collect a sphere of three-dimensional diffraction data for a crystal of

K[(NpV O2)(OH)2].2H2O. A semi-empirical absorption correction was applied by model-

ing the crystal as an ellipsoid by using the Bruker program XPREP. The structure was

solved by direct methods and refined in space group P1. The Bruker SHELXL Version

5 system of programs was used to solve and refine the crystal structure. Refinement was

straightforward, with the final cycles including the atomic positional parameters for all

atoms including hydrogen and anisotropic displacement parameters for all nonhydrogen

atoms. Np sheet : space group : P1; a = 5.826(2), b = 5.933(2), c = 9.217(3) Å; R1 =

3.78% for 1347 Fo ≥ 4σFo; S=1.044; 1411 refined parameters; wR2 = 9.68%.
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4.3.3 Computational Details

Geometry optimizations were performed with DFT by using the PerdewBurkeErnzerhof

(PBE) exchange-correlation functional with def-TZVP basis sets [96, 162, 164, 165, 315]

for all atoms by using Turbomole 5.9. The broken-symmetry singlet and high-spin quin-

tet were explored for 2-5, whereas for 1, only the high-spin state was studied. To further

analyze the DFT results, single-point calculations were performed on the optimized ge-

ometries by using the Amsterdam Density Functional (ADF 2010.02) program. We

used the hybrid implementation of the PBE functional (PBE0) and the TZ2P basis

set. [50, 314, 347]The ETS method combined with NOCV theory was used. [344, 345]

When feasible, CASSCF with CASPT2 [32–34, 170, 295] and GASSCF [340] calcula-

tions were performed with ANO-RCC basis sets by using Molcas 7.7. Spinorbit coupling

was included a posteriori by using the SO-CASPT2 approach. [31, 37] See the Support-

ing Information for complete computational details and a discussion of the active-space

choice.
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[312] Nosé, S. (1984) A Unified Formulation of the Constant Temperature Molecular-

Dynamics Methods. J. Chem. Phys., 81, 511–519.

[313] Hoover, W. G. (1985) Canonical Dynamics: Equilibrium Phase-Space Distribu-

tions. Phys. Rev. A, 31, 1695–1697.



190

[314] Fonseca Guerra, C., Snijders, J. G., te Velde, G., and Baerends, E. J. (1998)

Towards an Order-N DFT Method. Theor. Chem. Acc., 99, 391–403.

[315] Andzelm, J., Kolmel, C., and Klamt, A. (1995) Incorporation of Solvent Effects

into Density-Functional Calculations of Molecular-Energies and Geometries. J.

Chem. Phys., 103, 9312–9320.

[316] Allen, P. G., Bucher, J. J., Shuh, D. K., Edelstein, N. M., and Reich, T. (1997)

Investigation of Aquo and Chloro Complexes of UO2
2+, NpO2

+, Np4+, and Pu3+

by X-ray Absorption Fine Structure Spectroscopy. Inorg. Chem., 36, 4676–4683.

[317] Guildbaud, P. and Wipff, G. (1996) Force field representation of the UO2
2+

cation from free energy MD simulations in water. Tests on its 18-crown-6 and

NO3 adducts, and on its calix[6]arene6− and CMPO complexes. J. Mol. Struct.

(THEOCHEM), 366, 55–63.

[318] Hitschka, F., Dedieu, A., Troxler, L., and Wipff, G. (1998) Theoretical Studies

on the UO2
2+ and Sr2+ Complexation by Phosphoryl-Containing OPR3 Ligands:

QM ab Initio Calculations in the Gas Phase and MD FEP Calculations in Aqueous

Solution. J. Phys. Chem. A, 102, 3773–3781.

[319] Rai, N., Tiwari, S. P., and Maginn, E. J. (2012) Force Field Development for

Actinyl Ions via Quantum Mechanical Calculations: An Approach to Account for

Many Body Solvation Effects. J. Phys. Chem. B , 116, 10885–10897.

[320] Burns, P. C. (2005) U6+ Minerals and Inorganic Compounds: Insights into an

Expanded Structural Hierarchy of Crystal Structures. CANADIAN MINERAL-

OGIST , 43, 1839–1894.

[321] Unpublished results from J. Qiu and P. C. Burns.

[322] Unpublished work by R. Johnson, P. C. Burns, and W. Casey.
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Appendix A

Acronyms

Care has been taken in this thesis to minimize the use of acronyms, but this cannot

always be achieved. This appendix contains a table of acronyms and their meaning.

Table A.1: Acronyms

Acronym Meaning

ADF Amsterdam Density Functional

ALD Atomic Layer Deposition

An Actinide

ANO-RCC Atomic Natural Orbital Relativistic with Core Correlation Basis

Sets

B3LYP A hybrid functional with Becke’s exchange and Lee-Yang-Parr’s

correlation functional

BCP Bond Critical Point

BHM Born-Huggins-Meyer

BPW91 A local functional with Becke’s exchange and Perdew-Wang’s cor-

relation functional

CASSCF Complete Active Space Self Consistent Field theory

CASSI Complete Active Space State Interaction

Continued on next page
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Table A.1 – continued from previous page

Acronym Meaning

CASPT2 Complete Active Space Self Consistent Field theory with correc-

tions from second-order perturbation theory

CCI Cation-Cation Interaction

CN Coordination Number

COSMO Conductor-like Screening Model

CVD Chemical Vapor Deposition

DFT Density Functional Theory

DKH Douglas-Kroll-Hess

DMADB dimethyaminodiboranate

DOE Department of Energy

EBO Effective Bond Order

ECP Effective Core Potential

ESR Electron Spin Resonance

ETS–NOCV The Extended Transition State Method Combined with Natural

Orbitals for Chemical Valence Theory

EXAFS Extended X-ray Absorption Fine Structure

FI-MS Field Ionization Mass Spectrometry

FTIR Fourier Tranform Infrared Spectroscopy

GASSCF Generalized Active Space Self Consistent Field theory

HDEHP di-(2-ethylhexyl)phosphoric

HOMO Highest Occupied Molecular Orbital

LUMO Lowest Unoccupied Molecular Orbital

Ln Lanthanide

MBO Mayer Bond Order

MO Molecular Orbital

MN-GSM Minnesota Gaussian Solvation Module

MP2 Second-Order Møller-Plesset Perturbation Theory

MUD Mean Unsigned Difference

NMR Nuclear Magnetic Resonance

Continued on next page
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Table A.1 – continued from previous page

Acronym Meaning

NPT Constant Number of Particles, Pressure, and Temperature

NVE Constant Number of Particles, Volume, and Energy

NVT Constant Number of Particles, Volume, and Temperature

PBE A local functional by Perdew, Burke, and Ernzerhof

PhDipp2 C6H3-2,6-(C6H3-2,6-iPr2)2

PUREX Plutonium–Uranium Extraction process

RASSI Restricted Active Space State Interaction

RDF Radial Distribution Function

SDD Pseudopotentials of the Stuttgart/Bonn group

SDF Spatial Distribution Function

SO Spin-Orbit

SOMO Singly Occupied Molecular Orbital

SQUID Superconducting Quantum Interference Device

THF Tetrahydrofuran

TIP Temperature-Independent Paramagnetism

UV Ultraviolet

VWN A local correlation functional by Vosko, Wilk, and Nusair

XANES X-ray Absorption Near Edge Structure

ZORA Zero-Order Regular Approximation
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