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Abstract: This review summarizes the recent developments regarding the use of uranium as nuclear
fuel, including recycling and health aspects, elucidated from a chemical point of view, i.e., empha-
sizing the rich uranium coordination chemistry, which has also raised interest in using uranium
compounds in synthesis and catalysis. A number of novel uranium coordination features are ad-
dressed, such the emerging number of U(II) complexes and uranium nitride complexes as a promising
class of materials for more efficient and safer nuclear fuels. The current discussion about uranium
triple bonds is addressed by quantum chemical investigations using local vibrational mode force
constants as quantitative bond strength descriptors based on vibrational spectroscopy. The local
mode analysis of selected uranium nitrides, N≡U≡N, U≡N, N≡U=NH and N≡U=O, could confirm
and quantify, for the first time, that these molecules exhibit a UN triple bond as hypothesized in the
literature. We hope that this review will inspire the community interested in uranium chemistry and
will serve as an incubator for fruitful collaborations between theory and experimentation in exploring
the wealth of uranium chemistry.

Keywords: uranium; nuclear energy; uranium and health; uranium coordination chemistry; uranium
nitrides; uranium triple bonds; local vibrational mode analysis; bond strength

1. Introduction

Uranium was discovered in 1789 by the German chemist Martin Heinrich Klaproth [1].
It is the most known and used actinide element mainly because of its usage in nuclear fuel
processing; however, the application potential of uranium compounds is much broader,
stretching, e.g., into the field of organometallic synthesis, catalysis and beyond, as sketched
in Figure 1 [2–13]. Moreover, uranium is one of the few naturally occurring actinides [1],
whereas the other members, with the exception of thorium, are considered to be human-
made, despite their natural occurrence in traces as a result of uranium and thorium sponta-
neous fissions. In nature, uranium occurs as three main isotopes, where the non-fissile 238U
is the most abundant, encompassing over 99% of the available uranium resources.

In the Earth’s crust, there are different types of uranium ores, such as uraninite or
pitchblende (xUO2 · yUO3, with y/x < 2), carnotite (K2O·2UO3·V2O5 · xH2O) and autu-
nite (CaO·2UO3·P2O5 · xH2O) [14,15]. In order to extract uranium from its ore, chemical
processes utilizing acids and oxidizing agents are employed. Often, specific isotopic sepa-
ration processes have to be applied in order to acquire the desired concentration of a given
uranium isotope for energy generation purposes [1]. The most used isotopic separation
process involves uranium conversion into the gaseous UF6 followed by isotope separation
due to mass differences [16].

A number of reviews have been previously published covering the industrial use of
uranium, i.e., in energy supply and related fields [15,17–21]. Organouranium compounds,
i.e., the uranium equivalent of organometallic complexes, have attracted considerable
attention, including reviews on (η8-C8H8)2U and actinides cyclobutadienyl complexes,
respectively [22,23].
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Uranium coordination chemistry, in general, has been being widely investigated [9,24–26],
especially with regard to possible applications in nuclear waste treatment [27], where the
efficient extraction of uranium from the waste generated during the nuclear fuel cycle (so-
called spent nuclear fuel), and its recycling into the nuclear fuel process is an important step
to reduce long-term radioactive waste [28–32]. Uranium oxides have been used for a long
time as nuclear fuel [33,34]. However, their handling in the spent nuclear fuel regeneration
process is difficult [35].

N-substituted uranium amides, including uranyl nitrates with picolinamide-based
ligands, uranyl di-amide complexes and uranyl Schiff-base complexes, have been found
to be highly promising alternatives. They are fully combustable, show high hydrolytic
and radiation stability and produce degradable products [11,36–38]. Furthermore, N-
substituted uranium amides show diverse coordination behavior. They can bind through
the carbonyl oxygen atom with the central metal atom or ion, and they can form bonds
with a metal ion through the deprotonated N atom of the ligands.

It has been suggested that, in both cases, bonding can be strengthened in the presence
of a preferable anchoring group that can form a five or six-membered chelate ring, as in
picolinamide, which is an interesting aspect waiting to be further explored [11]. Some
attempts have been made to estimate the uranium-oxygen (UO) and uranium-nitrogen
(UN) bond strengths in these compounds via geometrical parameters, atomic charges
or normal vibrational frequencies; however, a quantitative measure of the UO and UN
bond strength allowing the strategic modulation of these uranyl complexes is missing, a
problem that we will tackle in the last part of this review via a new tool for quantifying
the strength of chemical bonds and/or weak chemical interactions based on vibrational
spectroscopy [39].

Although the use of uranium amides appears to be an attractive alternative pathway,
there is still the general concern about the effects of nuclear energy use on nature and
human health, as documented in a number of reviews, such as [9,40–43].
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Figure 1. Examples of the broad range of uranium use.

Uuranium can adopt different oxidation states ranging from III to VI, thus, leading to
a rich repertoire of uranium-ligand (UL) bonding with diverse covalency and 5f-/6d-orbital
contributions, including δ and φ back-donation [44]. While, e.g., charge- and electron-
loaded ligands favor U(VI), U(III) is mostly found in the presence of strong donor ligands
engaging in ionic, lanthanide-like bonding [13,45–47]. Uranium multiple bonding has been
discussed [48,49] and exhibited new opportunities in small-molecule activation [10].

In particular, uranium nitride linkages with a formal UN triple bond have attracted
attention [38]. Recently, uranium mononitride was suggested as an attractive fuel for a
range of reactors [50]. However, in order to explore these possibilities, there is a quest
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for further research to fully understand the nature of the UN triple bond. A powerful
tool for the investigation of electronic structure and bonding in uranium compounds, the
strategic investigation and fine-tuning of uranium-based catalysts and the discovery of
novel and unusual U-catalytic transformations is provided by computational chemistry [51],
which can also be helpful for the analysis of available experimental IR/Raman spectra
of uranium complexes to identify normal mode vibrations with a high percentage of UL
character [11,12,37,52].

However, the theoretical description of uranium complexes requires a careful treat-
ment of relativistic effects [53,54], which make sizable or even dominate contributions to
the molecular properties of uranium compounds—in particular, to UL bonding. In general,
the s electrons of relativistic atoms are contracted as a direct consequence of their higher
attraction to the heavy nucleus. This is also experienced by p orbitals, though in a smaller
amount; d and f orbitals become shielded by the inner s and p.

As a consequence, outer electrons are less attracted to the nucleus and more avail-
able for chemical bonding [1,55], resulting in a larger variety of oxidation states, diverse
coordination compounds [1] and a number of special properties, such as the color of
gold [56,57].

In order to capture the relativistic effects, one has to go beyond the non-relativistic
Schrödinger equation and instead refer to the far more complex Dirac Equation [58], thus,
leading to relativistic Dirac-exact wave functions and associated molecular properties [59–61].
The most rigorous way to include relativity in the calculation of molecular systems is to
use Dirac’s full four-component (4c) formalism, leading to wave functions as vectors of four
complex numbers (known as bispinors) [62].

A large variety of approximate methods have been derived over the years [39,63], mo-
tivated by the assumption that the full 4c approach is computationally too demanding and
cannot be applied to larger molecules [64–71]. Quasi-four component and two-component
forms [63] have been developed to make these calculations more practical, such as the
Douglas–Kroll–Hess approach [72,73], Regular Approximations [74] and the Normalized
Elimination of the Small Component (NESC) [75].

Over the years, our group has developed a powerful two-component (2c)-NESC
method [55,76] that allows the accurate calculation of first- and second-order response
properties, including vibrational frequencies [77–84], for a variety of density functional
and correlation-corrected wave function methods, thus, guaranteeing a broad application
range [55,85].

A recent review on this topic, in particular with regard to the description of actinides
can be found in reference [39], which also addresses the popular use of effective core
potentials to describe relativistic effects using a non-relativistic platform, which are a
cheap alternative to complex Dirac-based methods [86]. However, these seriously fail in
the case of uranium, leading to calculated molecular properties with errors as large as
20% [87]. Recently, we adopted a new version of NESC using the atomic approximation
(NESCau), which substantially increases the efficiency of relativistic calculations [39,64]
even for larger systems.

The review is structured in the following way. In Section 2, we focus on the use of
uranium as nuclear fuel, followed by brief summary of the uranium cycle. In Section 3, case
studies of human and environmental injuries caused by accidents and disasters occurred
in power plants are presented. Section 4 approaches the main challenges with respect to
nuclear waste treatment, targeting recent suggestions. Finally, in Section 5, we discuss
uranium nitrides and their potential as novel nuclear fuels. We present a new effective way
to quantitatively determine the strength of a chemical bond based on the local vibrational
mode analysis (LMA), originally suggested by Konkoli and Cremer [88–92], and apply
LMA to tackle the currently controversy about the U-O and U-N bond strengths in uranium
nitrides. In Section 6, a final outlook is given.
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2. Role of Uranium in the Nuclear Fuel Cycle

Uranium is mainly used in the nuclear fuel cycle sketched in Figure 2, an industrial
process involving various activities to produce electricity from uranium in nuclear power
reactors, i.e., the progression of nuclear fuel from creation to disposal. Typically, uranium
is employed in the form of UO2. During uranium decay, fissile plutonium is produced.
As spent fuel can be reprocessed and recycled, this explains the presence of a plutonium
admixture with uranium in the subsequent fuel cycle [14,93].

Uranium is a relatively common element that is found throughout the world and
mined in a number of countries. After mining, uranium ore is crushed in a mill and
grounded to a fine slurry, which is leached in sulfuric acid (or sometimes a strong alkaline
solution) to allow the separation of uranium from the waste rock. It is then recovered from
solution and precipitated as uranium oxide concentrate, mostly U3O8, which is sometimes
referred to as yellowcake uranium (caused by its khaki color). U3O8 concentrate typically
contains more than 80% uranium. The original ore, by comparison, may contain as little as
0.1% uranium [14,93].

Often, the yellowcake needs to be highly purified, due to impurities originated from
the ore that remain, a process that is highly specific and depends on the ore quality [94].
Alternate processes have been proposed, such as supercritical carbon dioxide extraction,
in particular for phosphate ores [95,96]. Purified U3O8 is the product that is sold. About
200 tonnes are required to keep a large (1000 MWe) nuclear power reactor generating
electricity for a year.

Figure 2. Nuclear fuel cycle. Source: Pennsylvania State University Radiation Science and Engineer-
ing Center (public domain).

The uranium oxide obtained after uranium milling is not directly usable as fuel for
a nuclear reactor—additional processing is required. Only 0.7% of natural uranium is
fissile—capable of undergoing fission, the process by which energy is produced in a nuclear
reactor. The form (or isotope) of uranium that is fissile is 235U, whereas the remainder is
238U. About 3.5–5% of the fissile isotope 235U is required to maintain the chain reaction.
Therefore, a physical process commonly called uranium enrichment has to be invoked to
increase (or ‘enrich’) the 235U concentration, which requires uranium to be in a gaseous
form [1]. U3O8 is first refined to uranium dioxide UO2 , which can be directly used as fuel
for those types of reactors that do not require enriched uranium. For reactors requiring
enriched uranium, UO2 is converted into uranium hexafluoride, which is a gas at relatively
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low temperatures. In order to produce UF6, UO2 is first converted into the solid UF4,
followed by oxidation with F2, yielding UF6(g).

This route is often preferable instead of the direct conversion of the oxide into the
fluoride, due to the lower fluorine demand. Solid state reactions often lead to byproducts,
which also have to be taken into account [94,97–99]. A gas-phase mechanism for such
reactions was previously studied theoretically [100]. Currently, centrifuges are used for
U-enrichment processes. Nonetheless, there are alternative techniques, such as gaseous
diffusion, which was widely used in the past, and laser-based processes, which are still in
development [101].

Subsequently, uranium has to be re-converted to its oxide form. There are several
processes available, including wet conversions employing aqueous ammonia, for example,
which hydrolyses UF6, followed by calcination. An alternative process is dry conversion,
which is known to be less injurious for the environment. Independent of the method used,
it is important that the final product—the actual reactor fuel—has the correct oxygen to
uranium ratio [93]. In order to increase the stability and strength, nuclear fuel can be
alloyed with zirconium [14,93,102], which has also drawn attention due to its potential use
in spent fuel reprocessing [103,104].

The fission process transforms U (and Pu) into lighter elements, denoted as fissile
products, which are often also radioactive. Thus, there are safety concerns regarding
nuclear waste. Spent fuel still contains large amounts of uranium, known as depleted
uranium and, therefore, can be recycled and reused from nuclear waste [14]; however, the
often highly radioactive fissile products have to be safely stored [14,105].

As alternative to uranium oxides, uranium nitrides are discussed as novel nuclear fuel
as they display higher values for thermal conductivity and melting point [106]. The species
N≡U≡N was first obtained in an argon matrix through a molecular nitrogen reaction with
atomic uranium. Clearly, uranium has the potential to break the triple bond in N2 [107]. A
recent investigation of N≡U≡N in both neutral and negatively charged states has led to
new insights into the properties of this molecule in both the ground and excited states [108].

Other uranium nitrides followed, such as the related NUO, that was first observed in
solid argon as a product of the reaction between U and NO, and density functional theory
calculations predicted a duplet spin state [109]. NUO was also synthesized in solid neon
by Zhou and Andrews [110]. A related species, NUNH, was observed as a product of the
N≡U≡N reaction with hydrogen atoms, suggesting that NUNH features both double and
triple uranium-nitrogen bonds [111].

3. Spent Fuel Recycling

The spent fuel contains uranium (about 96%), plutonium (about 1%) and high level
radioactive waste products (about 3%). In order to recycle the spent fuel, uranium and plu-
tonium have to be extracted from the nuclear waste. Current reprocessing plants dissolve
the spent fuel and chemically separate it into those three components: uranium, plutonium
and high level waste in most cases by dissolution in concentrated nitric acid, followed
by extraction with tributyl phosphate (TBP) in kerosene. This leads to the complexation
of uranium and plutonium, whereas the other fission products remain in the aqueous
phase [112–114].

TBP, in turn, may undergo degradation, thus, requiring the removal of potential degra-
dation products [94]. Therefore, alternative solvents have been proposed and successfully
applied, such as Aliquat 336 [115] and Alamine 336 [116]. There are different ways to
extract the left-over fission products. Alkali and alkaline earth metals can be removed
through pH adjustments, followed by ion exchange [94]. The separation of lanthanides
and actinides contained in spent fuel is a challenge for the nuclear industry due to their
chemical similarities [117–119].

A number of complexation methods using different ligands and coordination patterns
have been suggested [27]. In general, coordination chemistry has been successfully applied
to extract depleted uranium from waste water for re-use. Apart from that, uranium
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complexes have shown to be potentially useful in catalysis [9,120]. Therefore, in the next
section, the coordination chemistry of uranium will be further elucidated.

4. Coordination Chemistry of Uranium

The coordination chemistry of uranium dates back to at least the early 1800s. It has
become an increasingly popular topic in the last 15–20 years, mostly because of the develop-
ment of easy-to-synthesize, stable starting materials for, e.g., organometallic synthesis and
catalysis. There is tremendous diversity in the type of ligands that have been found to form
stable complexes with uranium [121]. Uranium atoms can adopt different oxidation states
ranging from III to VI, leading to a rich repertoire of UL bonding with diverse covalency
and 5f-/6d-orbital contributions. While, e.g., charge- and electron-loaded ligands favor
U(VI), U(III) is mostly found in the presence of strong donor ligands engaging in ionic,
lanthanide-like bonding [13,45–47].

The majority of uranium coordination compounds display either IV or VI oxidation
states. In general, U(IV) molecules are more difficult to synthesize, as specific experimental
conditions are required [122,123]. U(V) compounds tend to disproportionate into IV and VI
oxidation states [14,99]. Nonetheless, procedures have been suggested for how to stabilize
U(V) molecules while taking into consideration that the apparent U(V) instability could be
a result of experimental limitations [124].

Uranium complexes with a UO2 group and are often called uranyl compounds [99].
High-level coupled-cluster calculations have predicted that UO+

2 hydrolysis leads to an
intermediate adduct and UO(OH)+2 as the final product (see Figure 3, molecule 1). The
corresponding U(VI) complex, i.e., UO2+

2 undergoes a similar reaction, as experimentally
confirmed; however, it was found that the reaction barrier is slightly higher than that of the
corresponding U(V) complex [125,126]. Many other reactions involving the uranyl cation
have been studied thus far [127].
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Figure 3. Representative uranium complexes; the numbers refer to the discussion in the text.

For some time, it was believed that the lowest oxidation of uranium was III [1,128].
However, in 2013, the first stable U(II) complex was synthesized in the form of [Cp′3U]−,
in which Cp′ accounts for the group C5H3(SiMe3) [129] (see Figure 3, complex 2a). After
that, other stable U(II) molecules were isolated, e.g., using sodium as a reducing agent in
the synthesis of U(II) compounds [128]. In addition to U(IV) and U(III) metallocenes with
a bent structure [3,5], recently, the first stable U(II) [η5-C i

5 Pr5)2U] sandwich complex (see
Figure 3, complex 2b) was synthesized in the reduction of U(III) by potassium graphite,
and this has an unusual linear Cp-U-Cp angle [4].
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Electronic structure calculations exhibit a mixing between 6dz2 and 7s orbitals, which,
according to the authors, is the main reason for the linear arrangement found in this
complex. Recently, our group conducted a NESCau study on actinides sandwich complexes,
including uranium; an example can be found in Figure 3, complex 3 [39]. A theoretical study
on a set of (η5-C i

5 Pr5)2U-derived complexes is currently under investigation in our group.
It has been hypothesized that bulky substituents are necessary to isolate this stable

U(II) uranocene with substantial covalent U-π character, caused by uranium 5f and 6d
orbital participation. Negatively charged U(II) metallocenes have been widely investigated
computationally [130]. Confirmed by both experiment and theory, the (SiMe3) group
can serve as a stabilizing substituent due to its electron withdrawing character; however,
stable U(II) complexes with electron-donating ligands have been reported as well, such
as [Cp′(C5Me4H)3U]− [131]. According to these studies, the high-spin quintet state is
the most stable in these U(II) compounds, where uranium adopts a valence configuration
of 5f36d1.

Thus far, no U(I) complexes have been observed, except a divalent uranium, which
behaves in 2- or 3-electron reductions, such as a U(I) species and, therefore, was named
U(I) synthon [132] (see Figure 3, complex 4). As discussed above, N-substituted uranium
amide complexes (see Figure 3; complex 5a: uranyl nitrates, including picolinamide-based
ligands [11]; complex 5b: uranyl diamide complexes [36]; complex 5c: uranyl Schiff-base
coordination complexes [37]) have been recently discussed as attractive candidates for the
next generation of reactors with regard to both the actual nuclear fuel cycle, spent fuel
reprocessing and recycling [11,36,37], as well as complexes with uranium multiple bonding,
including uranium nitrides [10,48–50] (see Figure 3, complex 6).

The [UN2] isoelectronic nitrogen analogue of the well know uranyl cation [UO2]2+ [127]
has been suggested as future player for ceramic fuel in nuclear reactors [48,108]. Recent
X-ray structures of the triuranium complexes, isolated in an argon matrix, supported by
Raman spectra suggest a central U(VI) [UN2] core with U≡N triple bonding [48]. Photoelec-
tron spectroscopy predicts that electron attachment and electronic excitation significantly
bends the [UN2] unit and elongates the U≡N bond [108]. Since excited-state uranium
nitrides may be prevalent in nuclear reactors, it will be interesting to systematically investi-
gate the strength of the interaction between the pentagonal bipyramidal [UN2R2R’3] core
and the two flanking uranium cations as well as their influence on the strength of the U≡N
triple bond in both the ground and excited state.

5. Uranium and Human Health

Despite all safety efforts, disasters involving nuclear power plants have occurred, and
serious consequences have arisen [133–135]. The Chernobyl disaster, which took place
in the Ukraine in 1986, is an appalling example. A fire that broke out during a safety
test led to an explosion and the release of radioactive material into the environment with
catastrophic human and nature impacts [136]. Melted material (so-called lava) is a signature
of such an accident, causing the spread of radio-nuclides and an emerging risk of secondary
explosions [134,135].

People in the surrounding area (workers and inhabitants) were exposed to high levels
of radiation, and an increased risk of cancer, mainly leukemia, was observed [137], as
well as congenital malformations, as a consequence of the exposure to radiation [138]. In
2011, following an Earthquake, a horrible accident occurred at Fukushima Dai-ichi Nuclear
Power Plant in Japan [133,139]. Although the power plant was immediately shut down
after the earthquake, the following tsunami led to power outages, which interrupted the
reactor cooling system [135]. Similarly to Chernobyl, nuclear meltdowns and radiation
leakage arose. The Fukushima disaster also caused the release of contaminated material
into the ocean as a direct consequence of the flooding; a portion of the contaminated
seawater was later recycled into the environment [133,135].

In both cases, many people lost their lives, and regions close to the plant had to be
evacuated and remain inhabitable up to date [140]. Both accidents initiated vivid debates
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on nuclear energy, including the problem of how to best store nuclear waste on a long-term
basis and how to make these plants more efficient while maintaining all possible safety
standards. A serious health problem is connected with depleted Uranium (DU), a byproduct
of natural uranium after the enrichment and extraction of 235U that is used to provide fuel
for nuclear power plants and/or to charge nuclear weapons [141,142].

Aerosol inhalation is considered the primary route of DU exposure. Although lab-
oratory tests have confirmed that inhalation of DU aerosol can cause lung, kidney and
other organ damage, epidemiological studies have found no conclusive evidence that
persons in areas with prolonged exposure to DU-containing bombs are affected. Apart
from that, DU can induce multiple other health effects, such as renal tubular necrosis and
bone malignancies [143].

Uranium contamination is a global health concern. Regarding natural or anthro-
pogenic uranium contamination, the major sources of concern are groundwater, mining,
phosphate fertilizers, nuclear facilities and military activities. Apart from radioactivity, ura-
nium shows the typical chemotoxicity of a heavy metal [144]. The consumption of water or
food contaminated with uranium can lead to chronic kidney diseases and failure [145,146].

According to the World Health Organization (WHO), uranium intake from food or
air is relatively low and, according to the region’s soil, water consumption might be a
source of contamination. A guideline of 30 mg/L has been established; however, thus
far, there is not sufficient evidence regarding cancer risks and other health issues [147].
Nonetheless, despite its lower overall chemical toxicity, as discussed above, a number of
uranium isotopes are highly radioactive, including γ ray emissions. These isotopes are
highly carcinogenic and dangerous for humans and wildlife.

In nuclear medicine, radionuclides are widely used in both diagnostics and treatment.
Uranium is not directly employed for this to date; however, it is used to provide radioiso-
topes to be used in nuclear medicine. The most known example is 99Mo/99mTc, which is
used in imaging diagnostics. Another example of a radionuclide obtained from uranium is
229Th/225Ac. It is used in Targeted Alpha Therapy, a class of radionuclide therapy [148,149].
235U is used to produce 99Mo through a fission reaction.

Its daughter 99mTc is widely used in diagnostics. The majority of 99Mo/99mTc is
produced in research reactors; nonetheless, there are other routes, such as cyclotrons, which
have the disadvantage of a lower production yield [150]. 229Th results from 233U decay.
Its decay leads to 225Ac, which has been used in the treatment of several types of cancer,
including prostate cancer. A high level of purity is needed due to the fact that radionuclide
impurities may be potentially toxic [149].

6. UN Bond Strength in Uranium Nitrides

Given the increasing interest in uranium nitrides, in this section, we introduce an
efficient tool to quantitatively assess the strength of a chemical bond/weak chemical
interaction based on vibrational spectroscopy and showcase its application for some se-
lected uranium nitrides, N≡U≡N, U≡N, N≡U=NH and N≡U=O, clarifying if these
molecules exhibit a UN triple bond, as hypothesized in the literature.

LMA has been extensively described in a recent review [151]; therefore, in the follow-
ing, only highlights are summarized. The idea of characterizing a chemical bond via the
normal mode stretching force constant has its roots in the 1920s and 1930s and is based
on the famous Badger rule, an inverse power relationship between the bond length and
stretching force constant [152]. While this rule works perfectly fine for diatomic molecules,
its extension to polyatomic molecules has been a major obstacle [151,153] because normal
vibrational modes tend to delocalize over the molecule rather than being localized in a
specific bond [154,155].

As of that important fact, the related normal mode stretching force constants cannot
serve as a suitable bond strength measure. LMA, originally suggested by Konkoli and
Cremer [88–92], solved this problem, which led to a new measure of the intrinsic strength
of a chemical bond or weak chemical interactions and a generalized Badger rule [153] based
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on local mode force constants ka. A comprehensive discussion of the underlying theory
of LMA, following two independent routes to derive local vibrational modes, is given in
Ref. [151].

Local mode force constants, contrary to normal mode force constants are independent
of the choice of the coordinates used to describe the molecule in question [153,156,157].
They are sensitive to differences in the electronic structure (e.g., caused by changing a
substituent), and because they are, in contrast to frequencies, independent of the atomic
masses, they capture pure electronic effects. In their landmark paper, Zou and Cremer [158]
proved that the local stretching force constant ka

n(AB) reflects the intrinsic strength of
the bond/interaction between two atoms A and B, which is described by an internal
coordinate qn.

In essence, LMA has advanced as a powerful analytical tool, extensively applied to a broad
range of chemical systems from simple molecular systems to systems in solution [159,160]
to proteins [161,162], accounting for both covalent bonds [153,158,163–175] and non-covalent
interactions [172,176–190], including hydrogen bonds [191–201]. Recently, LMA theory has been
extended to periodic systems, a large step forward to the quantitative description of bonding in
crystals and solids [190,202,203].

For the comparison of larger sets of ka values, the use of a relative bond strength order
(BSO) is more convenient. According to the generalized Badger rule derived by Cremer,
Kraka and co-workers [153,169], both are connected via a power relationship of the form

BSO = u(ka)v (1)

where the parameters u and v are obtained from two reference molecules with known BSO
and ka values and the request that, for a zero force constant, the BSO value is also zero. For
example, for CC bonds, suitable references are ethane and ethylene with bond orders n = 1
and n = 2, respectively, [163,174,204]. In the case of more complex bonding situations, e.g.,
metal–ligand bonding, guidance by Mayer bond orders [205–207] can be utilized [208]. It is
important to note that the reference molecules have to be calculated with the same model
chemistry as the set of molecules under investigation.

In this work, H2N-UH and HN=UH2 were used as reference molecules for uranium-
nitrogen single and double bonds with ka values of 2.253 and 4.865 mDyn/Å, respectively.
Optimized UN bond lengths of 2.166 and 1.872 Å, respectively, obtained in this work are
in excellent agreement with previously reported bond lengths [209]. The corresponding
Mayer bond orders for the UN single and double bonds were 1.150 and 2.265. Scaling the
Mayer bond order of the UN single bond to the value 1.0, the corresponding bond order of
the UN double bond is 1.97, which led to u and v values of 0.4894 and 0.8803, respectively,
as used in this work.

For the uranium-oxygen bonds, uranyl hydroxide, UO2(OH)2 (complex 1 in Figure 3)
was used as a single reference molecule, because it has both single and double uranium-
oxygen bonds. We obtained ka values for the UO single and double bonds of 2.791 and
7.114 mDyn/Å, respectively, and optimized UO bond lengths of 2.100 and 1.762 Å, respec-
tively. The corresponding Mayer bond orders for the UO single and double bonds were
1.175 and 2.270. Scaling the Mayer bond order of the UO single bond to the value 1.0, the
corresponding bond order of the UO double bond is 1.932, which led to u and v values of
0.4855 and 0.7041, respectively, as used in this work.

The quantum theory of atoms-in-molecules (QTAIM), developed by Bader [210–213],
identifies, analyzes and characterizes chemical bonds via the topological features of the
total electron density ρ(r). In this work, we used QTAIM as a complementary tool to
LMA to determine the covalent character of the UN and UO bonds via the Cremer–Kraka
criterion [214–216] of covalent bonding. The Cremer–Kraka criterion is composed of two
conditions: (i) a necessary condition: the existence of a bond path and bond critical point
rb, i.e., the (3,−1) saddle point of electron density ρ(r) between the two atoms under
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consideration; and (ii) a sufficient condition: the energy density H(rb) at that point is
smaller than zero. H(r) is defined as:

H(r) = G(r) + V(r) (2)

where G(r) is the kinetic energy density and V(r) is the potential energy density. The
negative V(r) corresponds to a stabilizing accumulation of density whereas the positive
G(r) corresponds to depletion of the electron density [215]. As a result, the sign of H(rb)
indicates which term is dominant [216]. If H(rb) < 0, the interaction is considered to be
covalent in nature, whereas H(rb) > 0 is indicative of electrostatic interactions.

All geometry and frequency calculations were performed in the is work with the PBE0
density functional [217–219] combined with the cc-pwCVTZ-X2C basis set for uranium and
the corresponding cc-pVTZ basis set for the non-relativistic atoms [220–224]. Relativistic
effects were included through the NESCau Hamiltonian [64] (recently applied to a larger
set of actinide sandwich complexes [39]) using the COLOGNE2020 program package [225].
LMA properties were calculated with the LmodeA program [226], and the energy density
at the bond critical points was obtained using the AIMALL software [227].

In Table 1, LMA and QTAIM results for N≡U≡N, U≡N, N≡U=NH, N≡U=O and UO2
are summarized. Figure 4 shows the BSO values obtained from the local stretching force
constants ka, Figure 5 correlates H(rb) and ka. The BSO values (see Table 1 and Figure 4)
clearly show that, in all four compounds, U≡N bonds are of triple bond character, thus
quantifying, for the first time, previous speculations and suggestions [109–111]. The lowest
value of 2.976 was found for U≡N, comparable values of 3.081 and 3.087 for N≡U≡N and
N≡U=NH, respectively, and the strongest triple bond for N≡U=O with BSO = 3.238.

The U=NH bond in U≡N, N≡U=NH can be identified as double bond with BSO = 1.989,
and the U=O bond in N≡U=O and UO2 is a slightly stronger double bond with BSO = 2.066
and 1.966, respectively. The U=O double bond of the UO2 triplet 3Φu ground state mirrors
with a bond length of r = 1.775 Å and BSO of 1.966 the U=O bond in N≡U=O (r = 1.761 Å,
BSO = 2.066), whereas the U=O bond in the excited UO2

1Φu singlet state is considerably
longer and weaker (r = 1.836 Å, BSO = 1.689).

Table 1. Bond lengths in Å, ka in mDyn/Å, BSO and H(rb), in Hartree/Å3, spin multiplicity and
oxidation number of uranium for N≡U≡N, U≡N, N≡U=NH, N≡U=O and UO2

(a) calculated at the
NESCau/PBE0//cc-pwCVTZ-X2C (uranium) and NESCau/PBE0//cc-pVTZ (N,O,H) level of theory.

U≡N U=L; L=N,O U Stater ka BSO H(rb) r ka BSO H(rb)

N≡U≡N 1.713 8.085 3.081 −0.437 - - - - 1Σg—U(VI)
N≡U 1.732 7.772 2.976 −0.398 - - - - 4Σ—U(III)

N≡U=NH 1.695 8.077 3.078 −0.474 1.828 4.918 1.989 −0.222 2∆—U(V)
N≡U=O 1.697 8.554 3.238 −0.470 1.761 7.824 2.066 −0.319 2Φ—U(V)

UO2 - - - - 1.836 5.883 1.689 −0.239 1Φu—U(IV)
UO2 - - - - 1.775 7.288 1.966 −0.310 3Φu—U(IV)

(a) 3Φu is the ground state of UO2 being 40.0 kcal·mol−1 more stable than the singlet
1Φu state.

As is depicted in Table 1 and Figure 5, all UN and UO bonds investigated are of
covalent character showing the general trend that a stronger bond is also more covalent.
There is no perfect correlation between these two properties, which is the result of the fact
that whereas local force constants reflect the electronic environment, the energy density is
taken at only one point on the bond path [39].



Int. J. Mol. Sci. 2022, 23, 4655 11 of 20

N≣U≣N
N≣U
N≣U=NH (N≣U bond)
N≣U=NH (N=U bond)
N≣U=O (N≣U bond)
N≣U=O (O=U bond)
O=U=O
HN=UH2 (Ref. for U=N)
UO2(OH)2 (Ref . for U=O) BSO = 0.4894·(ka)0.8803

BSO = 0.4855·(ka)0.7041

B
S

O

1.5

2.0

2.5

3.0

3.5

ka (mDyn/Å)
5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5

Figure 4. BSO values of UN bonds for the selected uranium nitrides derived from ka values
via the power relationship described above. NESCau/PBE0//cc-pwCVTZ-X2C (uranium) and
NESCau/PBE0//cc-pVTZ (N,O,H) level of theory.
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Figure 5. Correlation between H(rb) and ka for UN and UO bonds. NESCau/PBE0//cc-pwCVTZ-X2C
(uranium) and NESCau/PBE0//cc-pVTZ (N,O,H) level of theory.

7. Conclusions and Future Perspectives

This review summarizes the recent research on the use of uranium as nuclear fuel,
including recycling and health aspects elucidated from a chemical point of view, i.e.,
emphasizing the rich uranium coordination chemistry, which has also raised interest
in using uranium compounds in synthesis and catalysis. A number of novel uranium
coordination features are addressed, such as the emerging number of U(II) complexes and
uranium nitrides as a promising class of materials for more efficient and safer nuclear fuels.
The current discussion about uranium triple bonds was addressed by quantum chemical
investigations using local vibrational mode force constants as a quantitative bond strength
descriptor based on vibrational spectroscopy.

The local mode analysis for selected uranium nitrides, N≡U≡N, U≡N, N≡U=NH
and N≡U=O, could confirm and quantify, for the first time, that these molecules exhibit a
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UN triple bond as has been hypothesized in the literature. After this proof of concept, we
are currently expanding our investigation to a larger series of molecules with potential UN
triple bonds.

Future work in our group will also include (i) a comprehensive study of the intrinsic
strength of UL bonds—in particular, their covalent or non-covalent character as well as
the role of the f orbitals for UL bonding, including δ and φ back-donation [44], which is
a necessary prerequisite for the strategic fine-tuning of uranium-based catalysts and the
discovery of novel and unusual U-catalytic transformations; (ii) a systematic analysis of
available experimental IR/Raman spectra of uranium complexes with LMA to identify
normal mode vibrations with a high percentage of UL character [11,12,37,52]; (iii) following
the procedure determined for actinide sandwich compounds [39], we will derive valuable
guidelines for the fine-tuning of these U(II) sandwich compounds in their role as powerful
reducing agents, including the evaluation of current suggestions that bulky substituents
are necessary to isolate this stable U(II) uranocene with substantial covalent U-π character,
caused by uranium 5f and 6d orbital participation; and (iv) the investigation of a series of
uranyl nitrates with and without picolinamide-based ligands, uranyl diamide and uranyl
Schiff-base coordination complexes and the compilation of a comprehensive list of U-O
and U-N local force constants together with electron density data quantifying the covalent
character of these bonds.

Based on our results, we will determine a design protocol to increase the U-ligand
bond strength towards an improved remediation of nuclear waste from reactor fuels. We
hope that this review will inspire the community interested in uranium chemistry and will
serve as an incubator for fruitful collaborations between theory and experimentation to
explore the wealth of uranium chemistry.
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39. Makoś, M.Z.; Zou, W.; Freindorf, M.; Kraka, E. Metal-Ring Interactions in Actinide Sandwich Compounds: A Combined

Normalized Elimination of the Small Component and Local Vibrational Mode Study. Mol. Phys. 2020, 118, e1768314. [CrossRef]

http://dx.doi.org/10.1016/j.jnucmat.2020.152034
http://dx.doi.org/10.1021/jacsau.1c00082
http://dx.doi.org/10.1038/s41557-018-0195-4
http://dx.doi.org/10.1016/j.poly.2019.08.005
http://dx.doi.org/10.1016/j.ccr.2018.07.010
http://www.ncbi.nlm.nih.gov/pubmed/30713345
http://dx.doi.org/10.1021/jacs.9b12804
http://www.ncbi.nlm.nih.gov/pubmed/31940182
http://dx.doi.org/10.1016/0149-1970(81)90026-3
http://dx.doi.org/10.1504/IJNGEE.2009.027903
http://dx.doi.org/10.1007/s11837-000-0181-2
http://dx.doi.org/10.1016/j.egypro.2019.02.193
http://dx.doi.org/10.1016/j.jct.2007.12.004
http://dx.doi.org/10.1021/om0400705
http://dx.doi.org/10.1002/ejic.202000383
http://dx.doi.org/10.1016/j.ccr.2005.10.007
http://dx.doi.org/10.1016/j.ccr.2005.09.010
http://dx.doi.org/10.1016/j.ccr.2015.05.010
http://dx.doi.org/10.1039/B603847F
http://dx.doi.org/10.1080/01496395.2020.1795680
http://dx.doi.org/10.3390/en15041433
http://dx.doi.org/10.1016/0149-1970(94)00016-Y
http://dx.doi.org/10.1063/1.1707213
http://dx.doi.org/10.1016/S0022-3115(97)00343-7
http://dx.doi.org/10.1016/0022-3115(69)90163-9
http://dx.doi.org/10.1016/j.jnucmat.2020.152625
http://dx.doi.org/10.1021/acs.inorgchem.9b00047
http://www.ncbi.nlm.nih.gov/pubmed/30908025
http://dx.doi.org/10.1021/acs.inorgchem.9b00477
http://dx.doi.org/10.1016/j.ccr.2013.06.013
http://dx.doi.org/10.1080/00268976.2020.1768314


Int. J. Mol. Sci. 2022, 23, 4655 14 of 20

40. Arfsten, D.P.; Still, K.R.; Ritchie, G.D. A review of the effects of uranium and depleted uranium exposure on reproduction and
fetal development. Toxicol. Ind. Health 2001, 17, 180–191. [CrossRef] [PubMed]

41. Domingo, J.L. Reproductive and developmental toxicity of natural and depleted uranium: A review. Reprod. Toxicol. 2001,
15, 603–609. [CrossRef]

42. Aly, M.M.; Hamza, M.F. A Review: Studies on Uranium Removal Using Different Techniques. Overview. J. Dispers. Sci. Technol.
2013, 34, 182–213. [CrossRef]

43. Wang, S.; Ran, Y.; Lu, B.; Li, J.; Kuang, H.; Gong, L.; Hao, Y. A review of uranium-induced reproductive toxicity. Biol. Trace Elem.
Res. 2020, 196, 204–213. [CrossRef]

44. Liddle Kelley, M.P.; Popov, I.A.; Jung, J.; Batista, E.R.; Yang, P. δ and φ back-donation in An(IV) metallacycles. Nat. Commun. 2020,
11, 1558. [CrossRef]

45. Rice, N.T.; McCabe, K.; Bacsa, J.; Maron, L.; Pierre, H.S.L. Two-Electron Oxidative Atom Transfer at a Homoleptic, Tetravalent
Uranium Complex. J. Am. Chem. Soc. 2020, 142, 7368–7373. [CrossRef]

46. Chatelain, L.; Louyriac, E.; Douair, I.; Lu, E.; Tuna, F.; Wooles, A.J.; Gardner, B.M.; Maron, L.; Liddle, S.T. Terminal uranium(V)-
nitride hydrogenations involving direct addition or Frustrated Lewis Pair mechanisms. Nat. Chem. 2020, 11, 337. [CrossRef]
[PubMed]

47. Wooles, A.J.; Mills, D.P.; Tuna, F.; McInnes, E.J.L.; Law, G.T.W.; Fuller, A.J.; Kremer, F.; Ridgway, M.; Lewis, W.; Gagliardi, L.; et al.
Uranium(III)-carbon multiple bonding supported by arene δ-bonding in mixed-valence hexauranium nanometre-scale rings. Nat.
Commun. 2018, 9, 2097–2108. [CrossRef] [PubMed]

48. Rudel, S.S.; Deubner, H.L.; Müller, M.; Karttunen, A.J.; Kraus, F. Complexes featuring a linear [N≡U≡N] core isoelectronic to the
uranyl cation. Nat. Chem. 2020, 12, 962–967. [CrossRef] [PubMed]

49. Platts, J.A.; Baker, R.J. A computational investigation of orbital overlap versus energy degeneracy covalency in [UE2]2+ (E = O, S,
Se, Te) complexes. Dalton Trans. 2020, 49, 1077–1088. [CrossRef] [PubMed]

50. Degueldre, C.; Goddard, D.; Berhane, G.; Simpson, A.; Boxall, C. Simulation of uranium mononitride spent fuel: A crystallographic
approach. J. Nucl. Mater. 2022, 562, 153612. [CrossRef]

51. Pantazis, D.A.; Neese, F. All-Electron Scalar Relativistic Basis Sets for the Actinides. J. Chem. Theory Comput. 2011, 7, 677–684.
[CrossRef]

52. Kirkegaard, M.C.; Spano, T.L.; Ambrogio, M.W.; Niedziela, J.L.; Miskowiec, A.; Shields, A.E.; Anderson, B.B. Formation of a
Uranyl Hydroxide Hydrate via Hydration of [(UO2F2)(H2O)]7·4H2O. Dalton Trans. 2019, 48, 13685–13698. [CrossRef]

53. Dirac, P.A.M. The Quantum Theory of the Electron. Proc. R. Soc. Lond. Ser. A Contain. Pap. Math. Phys. Charact. 1928, 117, 610–624.
54. Dirac, P.A.M. The Quantum Theory of the Electron. Part II. Proc. R. Soc. Lond. Ser. A Contain. Pap. Math. Phys. Charact. 1928,

118, 351–361.
55. Cremer, D.; Zou, W.; Filatov, M. Dirac-Exact Relativistic Methods: The Normalized Elimination of the Small Component Method.

WIREs Comput. Mol. Sci. 2014, 4, 436–467. [CrossRef]
56. Pyykkö, P. Relativistic Effects in Structural Chemistry. Chem. Rev. 1988, 88, 563–594. [CrossRef]
57. Pyykkö, P. Relativistic Effects in Chemistry: More Common than You Thought. Ann. Rev. Phys. Chem. 2012, 63, 45–64. [CrossRef]

[PubMed]
58. Dirac, P.A.M. A Theory of Electrons and Protons. Proc. R. Soc. Lond. Ser. A Contain. Pap. Math. Phys. Charact. 1930, 126, 360–365.
59. Liu, W. Advances in Relativistic Molecular Quantum Mechanics. Phys. Rep. 2014, 537, 59–89. [CrossRef]
60. Kutzelnigg, W.; Liu, W. Quasirelativistic Theory Equivalent to Fully Relativistic Theory. J. Chem. Phys. 2005, 123, 241102.

[CrossRef]
61. van Lenthe, E.; Baerends, E.J.; Snijders, J.G. Relativistic Regular Two-Component Hamiltonians. J. Chem. Phys. 1993, 99, 4597–4610.

[CrossRef]
62. Dirac, P.A. Forms of relativistic dynamics. Rev. Mod. Phys. 1949, 21, 392. [CrossRef]
63. Liu, W. Essentials of relativistic quantum chemistry. J. Chem. Phys. 2020, 152, 180901. [CrossRef]
64. Zou, W.; Guo, G.; Suo, B.; Liu, W. Analytic Energy Gradients and Hessians of Exact Two-Component Relativistic Methods:

Efficient Implementation and Extensive Applications. J. Chem. Theory Comput. 2020, 16, 1541–1554. [CrossRef]
65. Peng, D.; Reiher, M. Exact decoupling of the relativistic Fock operator. Theor. Chem. Acc. 2012, 131, 1081. [CrossRef]
66. Peng, D.; Liu, W.; Xiao, Y.; Cheng, L. Making Four- and Two-Component Relativistic Density Functional Methods Fully Equivalent

Based on the Idea of “From Atoms to Molecule”. J. Chem. Phys. 2007, 127, 104106. [CrossRef] [PubMed]
67. Liu, W.; Peng, D. Exact Two-Component Hamiltonians Revisited. J. Chem. Phys. 2009, 131, 031104. [CrossRef] [PubMed]
68. Iliaš, M.; Saue, T. An Infinite-Order Two-Component Relativistic Hamiltonian by a Simple One-Step Transformation. J. Chem.

Phys. 2007, 126, 064102. [CrossRef] [PubMed]
69. Barysz, M.; Mentel, L.; Leszczynski, J. Recovering four-component solutions by the inverse transformation of the infinite-order

two-component wave functions. J. Chem. Phys. 2009, 130, 164114. [CrossRef]
70. Oyama, T.; Ikabata, Y.; Seino, J.; Nakai, H. Relativistic density functional theory with picture-change corrected electron density

based on infinite-order Douglas–Kroll–Hess method. Chem. Phys. Lett. 2017, 680, 37–43. [CrossRef]
71. Barysz, M.; Sadlej, A.J.; Snijders, J.G. Nonsingular two/one-component relativistic Hamiltonians accurate through arbitrary high

order in α2. Int. J. Quantum Chem. 1997, 65, 225–239. [CrossRef]

http://dx.doi.org/10.1191/0748233701th111oa
http://www.ncbi.nlm.nih.gov/pubmed/12539863
http://dx.doi.org/10.1016/S0890-6238(01)00181-2
http://dx.doi.org/10.1080/01932691.2012.657954
http://dx.doi.org/10.1007/s12011-019-01920-2
http://dx.doi.org/10.1038/s41467-020-15197-w
http://dx.doi.org/10.1021/jacs.0c02693
http://dx.doi.org/10.1038/s41467-019-14221-y
http://www.ncbi.nlm.nih.gov/pubmed/31953390
http://dx.doi.org/10.1038/s41467-018-04560-7
http://www.ncbi.nlm.nih.gov/pubmed/29844376
http://dx.doi.org/10.1038/s41557-020-0505-5
http://www.ncbi.nlm.nih.gov/pubmed/32747753
http://dx.doi.org/10.1039/C9DT04484A
http://www.ncbi.nlm.nih.gov/pubmed/31868192
http://dx.doi.org/10.1016/j.jnucmat.2022.153612
http://dx.doi.org/10.1021/ct100736b
http://dx.doi.org/10.1039/C9DT02835H
http://dx.doi.org/10.1002/wcms.1181
http://dx.doi.org/10.1021/cr00085a006
http://dx.doi.org/10.1146/annurev-physchem-032511-143755
http://www.ncbi.nlm.nih.gov/pubmed/22404585
http://dx.doi.org/10.1016/j.physrep.2013.11.006
http://dx.doi.org/10.1063/1.2137315
http://dx.doi.org/10.1063/1.466059
http://dx.doi.org/10.1103/RevModPhys.21.392
http://dx.doi.org/10.1063/5.0008432
http://dx.doi.org/10.1021/acs.jctc.9b01120
http://dx.doi.org/10.1007/s00214-011-1081-y
http://dx.doi.org/10.1063/1.2772856
http://www.ncbi.nlm.nih.gov/pubmed/17867736
http://dx.doi.org/10.1063/1.3159445
http://www.ncbi.nlm.nih.gov/pubmed/19624172
http://dx.doi.org/10.1063/1.2436882
http://www.ncbi.nlm.nih.gov/pubmed/17313208
http://dx.doi.org/10.1063/1.3119714
http://dx.doi.org/10.1016/j.cplett.2017.05.023
http://dx.doi.org/10.1002/(SICI)1097-461X(1997)65:3<225::AID-QUA4>3.0.CO;2-Y


Int. J. Mol. Sci. 2022, 23, 4655 15 of 20

72. Douglas, M.; Kroll, N.M. Quantum Electrodynamical Corrections to the Fine Structure of Helium. Ann. Phys. 1974, 82, 89–155.
[CrossRef]

73. Hess, B.A. Applicability of the no-pair equation with free-particle projection operators to atomic and molecular structure
calculations. Phys. Rev. A 1985, 32, 756. [CrossRef]

74. van Lenthe, E.; Baerends, E.J.; Snijders, J.G. Relativistic total energy using regular approximations. J. Chem. Phys. 1994,
101, 9783–9792. [CrossRef]

75. Dyall, K.G. Interfacing relativistic and nonrelativistic methods. I. Normalized elimination of the small component in the modified
Dirac equation. J. Chem. Phys. 1997, 106, 9618–9626. [CrossRef]

76. Zou, W.; Filatov, M.; Cremer, D. Analytical Energy Gradient for the Two-Component Normalized Elimination of the Small
Component Method. J. Chem. Phys. 2015, 142, 214106. [CrossRef] [PubMed]

77. Yoshizawa, T.; Zou, W.; Cremer, D. Calculations of Electric Dipole Moments and Static Dipole Polarizabilities Based on the
Two-Component Normalized Elimination of the Small Component Method. J. Chem. Phys. 2016, 145, 184104. [CrossRef]
[PubMed]

78. Yoshizawa, T.; Zou, W.; Cremer, D. Calculations of Atomic Magnetic Nuclear Shielding Constants Based on the Two-Component
Normalized Elimination of the Small Component Method. J. Chem. Phys. 2017, 146, 134109. [CrossRef] [PubMed]

79. Yoshizawa, T.; Filatov, M.; Cremer, D.; Zou, W. Calculation of contact densities and Mössbauer isomer shifts utilising the
Dirac-exact two-component normalised elimination of the small component (2c-NESC) method. Mol. Phys. 2019, 117, 1164–1171.
[CrossRef]

80. Zou, W.; Filatov, M.; Cremer, D. Analytic Calculation of Second-Order Electric Response Properties with the Normalized
Elimination of the Small Component (NESC) Method. J. Chem. Phys. 2012, 137, 084108. [CrossRef]

81. Filatov, M.; Zou, W.; Cremer, D. Relativistically Corrected Electric Field Gradients Calculated with the Normalized Elimination of
the Small Component Formalism. J. Chem. Phys. 2012, 137, 054113. [CrossRef]

82. Zou, W.; Filatov, M.; Cremer, D. Development, Implementation, and Application of an Analytic Second Derivative Formalism for
the Normalized Elimination of the Small Component Method. J. Chem. Theory Comput. 2012, 8, 2617–2629. [CrossRef]

83. Filatov, M.; Zou, W.; Cremer, D. Analytic Calculation of Contact Densities and Mössbauer Isomer Shifts Using the Normalized
Elimination of the Small-Component Formalism. J. Chem. Theory Comput. 2012, 8, 875–882. [CrossRef]

84. Filatov, M.; Zou, W.; Cremer, D. Analytic Calculation of Isotropic Hyperfine Structure Constants Using the Normalized
Elimination of the Small Component Formalism. J. Chem. Phys. A 2012, 116, 3481–3486. [CrossRef]

85. Filatov, M.; Zou, W.; Cremer, D. Calculation of Response Properties with the Normalized Elimination of the Small Component
Method. Int. J. Quantum Chem. 2013, 114, 993–1005. [CrossRef]

86. Russo, T.V.; Martin, R.L.; Hay, P.J. Effective Core Potentials for DFT Calculations. J. Phys. Chem. 1995, 99, 17085–17087. [CrossRef]
87. Noro, T.; Sekiya, M.; Osanai, Y.; Miyoshi, E.; Koga, T. Relativistic Correlating Basis Sets for the Main Group Elements from Cs to

Ra. J. Chem. Phys. 2003, 119, 5142–5148. [CrossRef]
88. Konkoli, Z.; Cremer, D. A New Way of Analyzing Vibrational Spectra. I. Derivation of Adiabatic Internal Modes. Int. J. Quantum

Chem. 1998, 67, 1–9. [CrossRef]
89. Konkoli, Z.; Larsson, J.A.; Cremer, D. A New Way of Analyzing Vibrational Spectra. II. Comparison of Internal Mode Frequencies.

Int. J. Quantum Chem. 1998, 67, 11–27. [CrossRef]
90. Konkoli, Z.; Cremer, D. A New Way of Analyzing Vibrational Spectra. III. Characterization of Normal Vibrational Modes in

terms of Internal Vibrational Modes. Int. J. Quantum Chem. 1998, 67, 29–40. [CrossRef]
91. Konkoli, Z.; Larsson, J.A.; Cremer, D. A New Way of Analyzing Vibrational Spectra. IV. Application and Testing of Adiabatic

Modes within the Concept of the Characterization of Normal Modes. Int. J. Quantum Chem. 1998, 67, 41–55. [CrossRef]
92. Cremer, D.; Larsson, J.A.; Kraka, E. New Developments in the Analysis of Vibrational Spectra on the Use of Adiabatic Internal

Vibrational Modes. In Theoretical and Computational Chemistry; Parkanyi, C., Ed.; Elsevier: Amsterdam, The Netherlands, 1998;
pp. 259–327.

93. Crossland, I. Nuclear Fuel Cycle Science and Engineering; Elsevier: Amsterdam, The Netherlands, 2012.
94. Wilson, P.D. The Nuclear Fuel Cycle from Ore to Wastes; Oxford Science Publications: Oxford, UK, 1996.
95. Leybros, A.; Hung, L.; Hertz, A.; Hartmann, D.; Grandjean, A.; Boutin, O. Supercritical CO2 extraction of uranium from natural

ore using organophosphorus extractants. Chem. Eng. J. 2017, 316, 196–203. [CrossRef]
96. Prabhat, P.; Rao, A.; Mishra, V.G.; Shah, D.J.; Kumar, P.; Tomar, B.S. Direct extraction of uranium from yellow cake and ore

matrices using supercritical carbon dioxide. Radiochim. Acta 2020, 108, 769–777. [CrossRef]
97. Zachariasen, W. The Crystal Structure of U2F9. J. Chem. Phys. 1948, 16, 425. [CrossRef]
98. Zachariasen, W. Crystal Chemical Studies of the 5f-Series of Elements. XI. The Crystal Structure of α-UF5 and of β-UF5. Acta

Crystallogr. 1949, 2, 296–298. [CrossRef]
99. Cotton, S. Binary Compounds of the Actinides. In Lanthanide and Actinide Chemistry; John Wiley & Sons, Ltd.: West Sussex, UK,

2006; Chapter 10, pp. 155–172.
100. Peluzo, B.M.; Galvão, B.R. Theoretical study on the structure and reactions of uranium fluorides. J. Mol. Model. 2018, 24, 197.

[CrossRef] [PubMed]
101. Krass, A.S. Uranium Enrichment and Nuclear Weapon Proliferation; Oxford University Press: Oxford, UK, 1983.

http://dx.doi.org/10.1016/0003-4916(74)90333-9
http://dx.doi.org/10.1103/PhysRevA.32.756
http://dx.doi.org/10.1063/1.467943
http://dx.doi.org/10.1063/1.473860
http://dx.doi.org/10.1063/1.4921915
http://www.ncbi.nlm.nih.gov/pubmed/26049478
http://dx.doi.org/10.1063/1.4964765
http://www.ncbi.nlm.nih.gov/pubmed/27846684
http://dx.doi.org/10.1063/1.4979499
http://www.ncbi.nlm.nih.gov/pubmed/28390341
http://dx.doi.org/10.1080/00268976.2018.1530463
http://dx.doi.org/10.1063/1.4747335
http://dx.doi.org/10.1063/1.4742175
http://dx.doi.org/10.1021/ct300127e
http://dx.doi.org/10.1021/ct2008632
http://dx.doi.org/10.1021/jp301224u
http://dx.doi.org/10.1002/qua.24578
http://dx.doi.org/10.1021/j100047a007
http://dx.doi.org/10.1063/1.1597651
http://dx.doi.org/10.1002/(SICI)1097-461X(1998)67:1<1::AID-QUA1>3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1097-461X(1998)67:1<11::AID-QUA2>3.0.CO;2-1
http://dx.doi.org/10.1002/(SICI)1097-461X(1998)67:1<29::AID-QUA3>3.0.CO;2-0
http://dx.doi.org/10.1002/(SICI)1097-461X(1998)67:1<41::AID-QUA4>3.0.CO;2-Z
http://dx.doi.org/10.1016/j.cej.2017.01.101
http://dx.doi.org/10.1515/ract-2020-0009
http://dx.doi.org/10.1063/1.1746909
http://dx.doi.org/10.1107/S0365110X4900076X
http://dx.doi.org/10.1007/s00894-018-3738-0
http://www.ncbi.nlm.nih.gov/pubmed/29982882


Int. J. Mol. Sci. 2022, 23, 4655 16 of 20

102. Katoh, Y.; Vasudevamurthy, G.; Nozawa, T.; Snead, L.L. Properties of zirconium carbide for nuclear fuel applications. J. Nucl.
Mater. 2013, 441, 718–742. [CrossRef]

103. McDeavitt, S.; Abraham, D.; Park, J. Evaluation of stainless steel–zirconium alloys as high-level nuclear waste forms. J. Nucl.
Mater. 1998, 257, 21–34. [CrossRef]

104. Ali, K.; Ghosh, P.; Arya, A. A DFT study of structural, elastic and lattice dynamical properties of Fe2Zr and FeZr2 intermetallics.
J. Alloys Compd. 2017, 723, 611–619. [CrossRef]

105. Basdevant, J.L.; Rich, J. Fundamentals in Nuclear Physics: From Nuclear Structure to Cosmology; Springer Science & Business Media:
New York, NY, USA, 2005.

106. Streit, M.; Ingold, F. Nitrides as a nuclear fuel option. J. Eur. Ceram. Soc. 2005, 25, 2687–2692. [CrossRef]
107. Hunt, R.D.; Yustein, J.T.; Andrews, L. Matrix infrared spectra of NUN formed by the insertion of uranium atoms into molecular

nitrogen. J. Chem. Phys. 1993, 98, 6070–6074. [CrossRef]
108. Liu, G.; Zhang, C.; Ciborowski, S.M.; Asthana, A.; Cheng, L.; Bowen, K.H. Mapping the electronic structure of the uranium (VI)

dinitride molecule, UN2. J. Phys. Chem. A 2020, 124, 6486–6492. [CrossRef] [PubMed]
109. Kushto, G.P.; Souter, P.F.; Andrews, L.; Neurock, M. A matrix isolation FT–IR and quasirelativistic density functional theory

investigation of the reaction products of laser-ablated uranium atoms with NO, NO2 and N2O. J. Chem. Phys. 1998, 106, 5894–5903.
[CrossRef]

110. Zhou, M.; Andrews, L. Infrared spectra and pseudopotential calculations for NUO+, NUO, and NThO in solid neon. J. Chem.
Phys. 1999, 111, 11044–11049. [CrossRef]

111. Wang, X.; Andrews, L.; Vlaisavljevich, B.; Gagliardi, L. Combined Triple and Double Bonds to Uranium: The N≡U=N-H
Uranimine Nitride Molecule Prepared in Solid Argon. Inorg. Chem. 2011, 50, 3826–3831. [CrossRef]

112. Cotton, S. Coordination Chemistry of the Actinides. In Lanthanide and Actinide Chemistry; John Wiley & Sons, Ltd.: West Sussex,
UK, 2006; Chapter 11, pp. 173–199.

113. Baldwin, A.G.; Bridges, N.J.; Braley, J.C. Distribution of Fission Products into Tributyl Phosphate under Applied Nuclear Fuel
Recycling Conditions. Ind. Eng. Chem. Res. 2016, 55, 13114–13119. [CrossRef]

114. Malin, S.A.; Alexis-Martin, B. Assessing the state of uranium research: Environmental justice, health, and extraction. Extr. Ind.
Soc. 2020, 7, 512–516. [CrossRef]

115. Mathuthu, M.; Mokhine, N.D.; Stassen, E. Organic solvent extraction of uranium from alkaline nuclear waste. J. Radioanal. Nucl.
Chem. 2019, 319, 687–693. [CrossRef]

116. Kim, C.J.; Kumar, J.R.; Kim, J.S.; Lee, J.Y.; Yoon, H.S. Solvent extraction studies on uranium using amine based extractants and
recovery from low grade ore leach liquors. J. Braz. Chem. Soc. 2012, 23, 1254–1264. [CrossRef]

117. De Jesus, K.; Rodriguez, R.; Baek, D.L.; Fox, R.V.; Pashikanti, S.; Sharma, K. Extraction of lanthanides and actinides present in
spent nuclear fuel and in electronic waste. J. Mol. Liq. 2021, 336, 116006. [CrossRef]

118. Veliscek-Carolan, J. Separation of actinides from spent nuclear fuel: A review. J. Hazard. Mater. 2016, 318, 266–281. [CrossRef]
119. Bhattacharyya, A.; Mohapatra, P.K. Separation of trivalent actinides and lanthanides using various ‘N’,‘S’and mixed ‘N, O’donor

ligands: A review. Radiochim. Acta 2019, 107, 931–949. [CrossRef]
120. Farnaby, J.H.; Chowdhury, T.; Horsewill, S.J.; Wilson, B.; Jaroschik, F. Lanthanides and actinides: Annual survey of their

organometallic chemistry covering the year 2019. Coord. Chem. Rev. 2021, 437, 213830. [CrossRef]
121. Bart, S.C.; Meyer, K. Highlights in Uranium Coordination Chemistry. In Organometallic and Coordination Chemistry of the Actinides;

Albrecht-Schmitt, T.E., Ed.; Springer: Berlin/Heidelberg, Germany, 2008; pp. 119–176.
122. Yeon, J.; Smith, M.D.; Sefat, A.S.; Tran, T.T.; Halasyamani, P.S.; Zur Loye, H.C. U3F12 (H2O), a noncentrosymmetric uranium

(IV) fluoride prepared via a convenient in situ route that creates U4+ under mild hydrothermal conditions. Inorg. Chem. 2013,
52, 8303–8305. [CrossRef]

123. Klepov, V.V.; Felder, J.B.; Zur Loye, H.C. Synthetic strategies for the synthesis of ternary uranium (IV) and thorium (IV) fluorides.
Inorg. Chem. 2018, 57, 5597–5606. [CrossRef]

124. Ilton, E.S.; Haiduc, A.; Cahill, C.L.; Felmy, A.R. Mica surfaces stabilize pentavalent uranium. Inorg. Chem. 2005, 44, 2986–2988.
[CrossRef] [PubMed]

125. Vasiliu, M.; Peterson, K.A.; Gibson, J.K.; Dixon, D.A. Reliable potential energy surfaces for the reactions of H2O with ThO2,
PaO2+, UO2+

2 , and UO+
2 . J. Phys. Chem. A 2015, 119, 11422–11431. [CrossRef]

126. Lucena, A.F.; Odoh, S.O.; Zhao, J.; Marcalo, J.; Schreckenbach, G.; Gibson, J.K. Oxo-exchange of gas-phase uranyl, neptunyl, and
plutonyl with water and methanol. Inorg. Chem. 2014, 53, 2163–2170. [CrossRef]

127. Cowie, B.E.; Purkis, J.M.; Austin, J.; Love, J.B.; Arnold, P.L. Thermal and photochemical reduction and functionalization chemistry
of the uranyl dication, [UVIO2]2+. Chem. Rev. 2019, 119, 10595–10637. [CrossRef] [PubMed]

128. Windorff, C.J.; MacDonald, M.R.; Meihaus, K.R.; Ziller, J.W.; Long, J.R.; Evans, W.J. Expanding the Chemistry of Molecular U(2+)
Complexes: Synthesis, Characterization, and Reactivity of the {[C5H3(SiMe3)2]3U}(-) Anion. Chem. Eur. J. 2016, 22, 772–782.
[CrossRef] [PubMed]

129. MacDonald, M.R.; Fieser, M.E.; Bates, J.E.; Ziller, J.W.; Furche, F.; Evans, W.J. Identification of the +2 Oxidation State for Uranium
in a Crystalline Molecular Complex, [K(2.2.2-Cryptand)][(C5H4SiMe3)3U]. J. Am. Chem. Soc. 2013, 135, 13310–13313. [CrossRef]

130. Wu, Q.Y.; Lan, J.H.; Wang, C.Z.; Cheng, Z.P.; Chai, Z.F.; Gibson, J.K.; Shi, W.Q. Paving the way for the synthesis of a series of
divalent actinide complexes: A theoretical perspective. Dalton Trans. 2016, 45, 3102–3110. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jnucmat.2013.05.037
http://dx.doi.org/10.1016/S0022-3115(98)00433-4
http://dx.doi.org/10.1016/j.jallcom.2017.06.154
http://dx.doi.org/10.1016/j.jeurceramsoc.2005.03.181
http://dx.doi.org/10.1063/1.464845
http://dx.doi.org/10.1021/acs.jpca.0c03735
http://www.ncbi.nlm.nih.gov/pubmed/32700533
http://dx.doi.org/10.1063/1.473254
http://dx.doi.org/10.1063/1.480463
http://dx.doi.org/10.1021/ic2003244
http://dx.doi.org/10.1021/acs.iecr.6b04056
http://dx.doi.org/10.1016/j.exis.2020.02.006
http://dx.doi.org/10.1007/s10967-019-06430-y
http://dx.doi.org/10.1590/S0103-50532012000700009
http://dx.doi.org/10.1016/j.molliq.2021.116006
http://dx.doi.org/10.1016/j.jhazmat.2016.07.027
http://dx.doi.org/10.1515/ract-2018-3064
http://dx.doi.org/10.1016/j.ccr.2021.213830
http://dx.doi.org/10.1021/ic401412t
http://dx.doi.org/10.1021/acs.inorgchem.8b00570
http://dx.doi.org/10.1021/ic0487272
http://www.ncbi.nlm.nih.gov/pubmed/15847396
http://dx.doi.org/10.1021/acs.jpca.5b08618
http://dx.doi.org/10.1021/ic402824k
http://dx.doi.org/10.1021/acs.chemrev.9b00048
http://www.ncbi.nlm.nih.gov/pubmed/31403292
http://dx.doi.org/10.1002/chem.201503583
http://www.ncbi.nlm.nih.gov/pubmed/26636775
http://dx.doi.org/10.1021/ja406791t
http://dx.doi.org/10.1039/C5DT04540A
http://www.ncbi.nlm.nih.gov/pubmed/26777518


Int. J. Mol. Sci. 2022, 23, 4655 17 of 20

131. Ryan, A.J.; Angadol, M.A.; Ziller, J.W.; Evans, W.J. Isolation of U(ii) compounds using strong donor ligands, C5Me4H and
N(SiMe3)2, including a three-coordinate U(ii) complex. Chem. Commun. 2019, 55, 2325–2327. [CrossRef]

132. Straub, M.D.; Ouellette, E.T.; Boreen, M.A.; Britt, R.D.; Chakarawet, K.; Douair, I.; Gould, C.A.; Maron, L.; Del Rosal, I.; Villarreal,
D.; et al. A Uranium(II) Arene Complex That Acts as a Uranium(I) Synthon. J. Am. Chem. Soc. 2021, 143, 19748–19760. [CrossRef]

133. Yamasaki, S.; Utsunomiya, S. A review of efforts for volume reduction of contaminated soil in the ten years after the accident at
the Fukushima Daiichi Nuclear Power Plant. J. Nucl. Sci. Technol. 2022, 59, 135–147. [CrossRef]

134. Högberg, L. Root Causes and Impacts of Severe Accidents at Large Nuclear Power Plants. AMBIO 2013, 42, 267–284. [CrossRef]
[PubMed]

135. Burns, P.C.; Ewing, R.C.; Navrotsky, A. Nuclear fuel in a reactor accident. Science 2012, 335, 1184–1188. [CrossRef] [PubMed]
136. Kortov, V.; Ustyantsev, Y. Chernobyl accident: Causes, consequences and problems of radiation measurements. Radiat. Meas.

2013, 55, 12–16. [CrossRef]
137. Hatch, M.; Ron, E.; Bouville, A.; Zablotska, L.; Howe, G. The Chernobyl Disaster: Cancer following the Accident at the Chernobyl

Nuclear Power Plant. Epidemiol. Rev. 2005, 27, 56–66. [CrossRef]
138. Korsakov, A.V.; Geger, E.V.; Lagerev, D.G.; Pugach, L.I.; Mousseau, T.A. De novo congenital malformation frequencies in children

from the Bryansk region following the Chernobyl disaster (2000–2017). Heliyon 2020, 6, e04616. [CrossRef]
139. Funabashi, Y.; Kitazawa, K. Fukushima in review: A complex disaster, a disastrous response. Bull. At. Sci. 2012, 68, 9–21.

[CrossRef]
140. Steinhauser, G.; Brandl, A.; Johnson, T.E. Comparison of the Chernobyl and Fukushima nuclear accidents: A review of the

environmental impacts. Sci. Total Environ. 2014, 470, 800–817. [CrossRef]
141. Ran, Y.; Wang, S.; Zhao, Y.; Li, J.; Ran, X.; Hao, Y. A review of biological effects and treatments of inhaled depleted uranium

aerosol. J. Environ. Radioact. 2020, 222, 106357.
142. El Hayek, E.; Medina, S.; Guo, J.; Noureddine, A.; Zychowski, K.E.; Hunter, R.; Velasco, C.A.; Wiesse, M.; Maestas-Olguin, A.;

Brinker, C.J.; et al. Uptake and toxicity of respirable carbon-rich uranium-bearing particles: Insights into the role of particulates
in uranium toxicity. Environ. Sci. Technol. 2021, 55, 9949–9957. [CrossRef]

143. Yue, Y.C.; Li, M.H.; Wang, H.B.; Zhang, B.L.; He, W. The toxicological mechanisms and detoxification of depleted uranium
exposure. Environ. Health Prev. Med. 2018, 23, 18. [CrossRef]

144. Ma, M.; Wang, R.; Xu, L.; Xu, M.; Liu, S. Emerging health risks and underlying toxicological mechanisms of uranium contamina-
tion: Lessons from the past two decades. Environ. Int. 2020, 145, 106107. [CrossRef]

145. Tsai, H.J.; Wu, P.Y.; Huang, J.C.; Chen, S.C. Environmental Pollution and Chronic Kidney Disease. Int. J. Med. Sci. 2021,
18, 1121–1129. [CrossRef] [PubMed]

146. Prat, O.; Vercouter, T.; Ansoborlo, E.; Fichet, P.; Perret, P.; Kurttio, P.; Salonen, L. Uranium Speciation in Drinking Water from
Drilled Wells in Southern Finland and Its Potential Links to Health Effects. Environ. Sci. Technol. 2009, 43, 3941–3946. [CrossRef]
[PubMed]

147. WHO Team. Guidelines for Drinking-Water Quality, 4th ed.; Incorporating the 1st Addendum; World Health Organization:
New York, NY, USA, 2011.

148. Nelson, B.J.; Andersson, J.D.; Wuest, F. Targeted Alpha Therapy: Progress in Radionuclide Production, Radiochemistry, and
Applications. Pharmaceutics 2021, 13, 49. [CrossRef] [PubMed]

149. Morgenstern, A.; Apostolidis, C.; Kratochwil, C.; Sathekge, M.; Krolicki, L.; Bruchertseifer, F. An Overview of Targeted Alpha
Therapy With 225Actinium and 213Bismuth. Curr. Radiopharm. 2018, 11, 200–208. [CrossRef] [PubMed]

150. Liem, P.H.; Tran, H.N.; Sembiring, T.M. Design optimization of a new homogeneous reactor for medical radioisotope Mo-99/Tc-
99m production. Prog. Nucl. Energy 2015, 82, 191–196. [CrossRef]

151. Kraka, E.; Zou, W.; Tao, Y. Decoding Chemical Information from Vibrational Spectroscopy Data: Local Vibrational Mode Theory.
WIREs Comput. Mol. Sci. 2020, 10, 1480. [CrossRef]

152. Badger, R.M. A Relation between Internuclear Distances and Bond Force Constants. J. Chem. Phys. 1934, 2, 128–131. [CrossRef]
153. Kraka, E.; Larsson, J.A.; Cremer, D. Generalization of the Badger Rule Based on the Use of Adiabatic Vibrational Modes. In

Computational Spectroscopy; Grunenberg, J., Ed.; Wiley: New York, NY, USA, 2010; pp. 105–149.
154. Wilson, E.B.; Decius, J.C.; Cross, P.C.M. Molecular Vibrations. The Theory of Infrared and Raman Vibrational Spectra; McGraw-Hill:

New York, NY, USA, 1955; pp. 59–136.
155. Wilson, E.B.; Decius, J.C.; Cross, P.C.; Sundheim, B.R. Molecular Vibrations: The Theory of Infrared and Raman Vibrational

Spectra. J. Electrochem. Soc. 1955, 102, 235C. [CrossRef]
156. Zou, W.; Kalescky, R.; Kraka, E.; Cremer, D. Relating Normal Vibrational Modes to Local Vibrational Modes with the Help of an

Adiabatic Connection Scheme. J. Chem. Phys. 2012, 137, 084114. [CrossRef]
157. Zou, W.; Cremer, D. Properties of Local Vibrational Modes: The Infrared Intensity. Theor. Chem. Acc. 2014, 133, 1451–1466.

[CrossRef]
158. Zou, W.; Cremer, D. C2 in a Box: Determining its Intrinsic Bond Strength for the X1 Σ+

g Ground State. Chem. Eur. J. 2016,
22, 4087–4097. [CrossRef] [PubMed]

159. Delgado, A.A.A.; Sethio, D.; Munar, I.; Aviyente, V.; Kraka, E. Local Vibrational Mode Analysis of Ion–Solvent and Solvent–Solvent
Interactions for Hydrated Ca2+ Clusters. J. Chem. Phys. 2020, 153, 224303. [CrossRef] [PubMed]

http://dx.doi.org/10.1039/C8CC08767A
http://dx.doi.org/10.1021/jacs.1c07854
http://dx.doi.org/10.1080/00223131.2021.1974596
http://dx.doi.org/10.1007/s13280-013-0382-x
http://www.ncbi.nlm.nih.gov/pubmed/23423737
http://dx.doi.org/10.1126/science.1211285
http://www.ncbi.nlm.nih.gov/pubmed/22403382
http://dx.doi.org/10.1016/j.radmeas.2012.05.015
http://dx.doi.org/10.1093/epirev/mxi012
http://dx.doi.org/10.1016/j.heliyon.2020.e04616
http://dx.doi.org/10.1177/0096340212440359
http://dx.doi.org/10.1016/j.scitotenv.2013.10.029
http://dx.doi.org/10.1021/acs.est.1c01205
http://dx.doi.org/10.1186/s12199-018-0706-3
http://dx.doi.org/10.1016/j.envint.2020.106107
http://dx.doi.org/10.7150/ijms.51594
http://www.ncbi.nlm.nih.gov/pubmed/33526971
http://dx.doi.org/10.1021/es803658e
http://www.ncbi.nlm.nih.gov/pubmed/19544911
http://dx.doi.org/10.3390/pharmaceutics13010049
http://www.ncbi.nlm.nih.gov/pubmed/33396374
http://dx.doi.org/10.2174/1874471011666180502104524
http://www.ncbi.nlm.nih.gov/pubmed/29732998
http://dx.doi.org/10.1016/j.pnucene.2014.07.040
http://dx.doi.org/10.1002/wcms.1480
http://dx.doi.org/10.1063/1.1749433
http://dx.doi.org/10.1149/1.2430134
http://dx.doi.org/10.1063/1.4747339
http://dx.doi.org/10.1007/s00214-014-1451-3
http://dx.doi.org/10.1002/chem.201503750
http://www.ncbi.nlm.nih.gov/pubmed/26742466
http://dx.doi.org/10.1063/5.0034765
http://www.ncbi.nlm.nih.gov/pubmed/33317306


Int. J. Mol. Sci. 2022, 23, 4655 18 of 20

160. Srinivas, R.; Verma, N.; Kraka, E.; Larson, E.C. Deep Learning-Based Ligand Design Using Shared Latent Implicit Fingerprints
from Collaborative Filtering. J. Chem. Inf. Model. 2021, 61, 2159–2174. [CrossRef]

161. Freindorf, M.; Kraka, E. Critical Assessment of the FeC and CO Bond strength in Carboxymyoglobin—A QM/MM Local
Vibrational Mode Study. J. Mol. Model. 2020, 26, 281. [CrossRef]

162. Verma, N.; Tao, Y.; Kraka, E. Systematic Detection and Characterization of Hydrogen Bonding in Proteins via Local Vibrational
Modes. J. Phys. Chem. B 2021, 125, 2551–2565. [CrossRef]

163. Kalescky, R.; Kraka, E.; Cremer, D. Identification of the Strongest Bonds in Chemistry. J. Phys. Chem. A 2013, 117, 8981–8995.
[CrossRef]

164. Setiawan, D.; Sethio, D.; Cremer, D.; Kraka, E. From Strong to Weak NF Bonds: On the Design of a New Class of Fluorinating
Agents. Phys. Chem. Chem. Phys. 2018, 20, 23913–23927. [CrossRef]

165. Humason, A.; Zou, W.; Cremer, D. 11,11-Dimethyl-1,6-methano[10]annulene-An Annulene with an Ultralong CC Bond or a
Fluxional Molecule? J. Phys. Chem. A 2014, 119, 1666–1682. [CrossRef]

166. Kalescky, R.; Kraka, E.; Cremer, D. Are Carbon-Halogen Double and Triple Bonds Possible? Int. J. Quantum Chem. 2014,
114, 1060–1072. [CrossRef]

167. Kalescky, R.; Zou, W.; Kraka, E.; Cremer, D. Quantitative Assessment of the Multiplicity of Carbon-Halogen Bonds: Carbenium
and Halonium Ions with F, Cl, Br, and I. J. Phys. Chem. A 2014, 118, 1948–1963. [CrossRef] [PubMed]

168. Larsson, J.A.; Cremer, D. Theoretical Verification and Extension of the Mckean Relationship between Bond Lengths and Stretching
Frequencies. J. Mol. Struct. 1999, 485–486, 385–407. [CrossRef]

169. Cremer, D.; Kraka, E. From Molecular Vibrations to Bonding, Chemical Reactions, and Reaction Mechanism. Curr. Org. Chem.
2010, 14, 1524–1560. [CrossRef]

170. Cremer, D.; Wu, A.; Larsson, J.A.; Kraka, E. Some Thoughts about Bond Energies, Bond Lengths, and Force Constants. J. Mol.
Model. 2000, 6, 396–412. [CrossRef]

171. Kraka, E.; Cremer, D. Weaker Bonds with Shorter Bond Lengths. Rev. Proc. Quim. 2012, 6, 31–34. [CrossRef]
172. Setiawan, D.; Kraka, E.; Cremer, D. Hidden Bond Anomalies: The Peculiar Case of the Fluorinated Amine Chalcogenides. J. Phys.

Chem. A 2015, 119, 9541–9556. [CrossRef]
173. Kraka, E.; Setiawan, D.; Cremer, D. Re-Evaluation of the Bond Length-Bond Strength Rule: The Stronger Bond Is not Always the

Shorter Bond. J. Comp. Chem. 2015, 37, 130–142. [CrossRef]
174. Delgado, A.A.A.; Humason, A.; Kalescky, R.; Freindorf, M.; Kraka, E. Exceptionally Long Covalent CC Bonds—A Local

Vibrational Mode Study. Molecules 2021, 26, 950. [CrossRef]
175. Zhao, L.; Zhi, M.; Frenking, G. The strength of a chemical bond. Int. J. Quantum Chem. 2021, 122, e26773. [CrossRef]
176. Oliveira, V.; Kraka, E.; Cremer, D. The Intrinsic Strength of the Halogen Bond: Electrostatic and Covalent Contributions Described

by Coupled Cluster Theory. Phys. Chem. Chem. Phys. 2016, 18, 33031–33046. [CrossRef]
177. Oliveira, V.; Kraka, E.; Cremer, D. Quantitative Assessment of Halogen Bonding Utilizing Vibrational Spectroscopy. Inorg. Chem.

2016, 56, 488–502. [CrossRef] [PubMed]
178. Oliveira, V.; Cremer, D. Transition from Metal-Ligand Bonding to Halogen Bonding Involving a Metal as Halogen Acceptor: A

Study of Cu, Ag, Au, Pt, and Hg Complexes. Chem. Phys. Lett. 2017, 681, 56–63. [CrossRef]
179. Yannacone, S.; Oliveira, V.; Verma, N.; Kraka, E. A Continuum from Halogen Bonds to Covalent Bonds: Where Do λ3 Iodanes

Fit? Inorganics 2019, 7, 47. [CrossRef]
180. Oliveira, V.P.; Kraka, E.; Machado, F.B.C. Pushing 3c-4e Bonds to the Limit: A Coupled Cluster Study of Stepwise Fluorination of

First-Row Atoms. Inorg. Chem. 2019, 58, 14777–14789. [CrossRef] [PubMed]
181. Oliveira, V.P.; Marcial, B.L.; Machado, F.B.C.; Kraka, E. Metal-Halogen Bonding Seen through the Eyes of Vibrational Spectroscopy.

Materials 2020, 13, 55. [CrossRef]
182. Setiawan, D.; Kraka, E.; Cremer, D. Description of Pnicogen Bonding with the help of Vibrational Spectroscopy-The Missing Link

Between Theory and Experiment. Chem. Phys. Lett. 2014, 614, 136–142. [CrossRef]
183. Setiawan, D.; Kraka, E.; Cremer, D. Strength of the Pnicogen Bond in Complexes Involving Group VA Elements N, P, and As. J.

Phys. Chem. A 2014, 119, 1642–1656. [CrossRef]
184. Setiawan, D.; Cremer, D. Super-Pnicogen Bonding in the Radical Anion of the Fluorophosphine Dimer. Chem. Phys. Lett. 2016,

662, 182–187. [CrossRef]
185. Oliveira, V.; Cremer, D.; Kraka, E. The Many Facets of Chalcogen Bonding: Described by Vibrational Spectroscopy. J. Phys. Chem.

A 2017, 121, 6845–6862. [CrossRef]
186. Oliveira, V.; Kraka, E. Systematic Coupled Cluster Study of Noncovalent Interactions Involving Halogens, Chalcogens, and

Pnicogens. J. Phys. Chem. A 2017, 121, 9544–9556. [CrossRef]
187. Sethio, D.; Oliveira, V.; Kraka, E. Quantitative Assessment of Tetrel Bonding Utilizing Vibrational Spectroscopy. Molecules 2018,

23, 2763. [CrossRef] [PubMed]
188. Zhang, X.; Dai, H.; Yan, H.; Zou, W.; Cremer, D. B-H π Interaction: A New Type of Nonclassical Hydrogen Bonding. J. Am. Chem.

Soc. 2016, 138, 4334–4337. [CrossRef] [PubMed]
189. Zou, W.; Zhang, X.; Dai, H.; Yan, H.; Cremer, D.; Kraka, E. Description of an Unusual Hydrogen Bond between Carborane and a

Phenyl Group. J. Organometal. Chem. 2018, 856, 114–127. [CrossRef]

http://dx.doi.org/10.1021/acs.jcim.0c01355
http://dx.doi.org/10.1007/s00894-020-04519-w
http://dx.doi.org/10.1021/acs.jpcb.0c11392
http://dx.doi.org/10.1021/jp406200w
http://dx.doi.org/10.1039/C8CP03843K
http://dx.doi.org/10.1021/jp5082966
http://dx.doi.org/10.1002/qua.24626
http://dx.doi.org/10.1021/jp4120628
http://www.ncbi.nlm.nih.gov/pubmed/24555526
http://dx.doi.org/10.1016/S0022-2860(99)00093-9
http://dx.doi.org/10.2174/138527210793563233
http://dx.doi.org/10.1007/PL00010739
http://dx.doi.org/10.19142/rpq.v6i11.153
http://dx.doi.org/10.1021/acs.jpca.5b05157
http://dx.doi.org/10.1002/jcc.24207
http://dx.doi.org/10.3390/molecules26040950
http://dx.doi.org/10.1002/qua.26773
http://dx.doi.org/10.1039/C6CP06613E
http://dx.doi.org/10.1021/acs.inorgchem.6b02358
http://www.ncbi.nlm.nih.gov/pubmed/27966937
http://dx.doi.org/10.1016/j.cplett.2017.05.045
http://dx.doi.org/10.3390/inorganics7040047
http://dx.doi.org/10.1021/acs.inorgchem.9b02458
http://www.ncbi.nlm.nih.gov/pubmed/31647226
http://dx.doi.org/10.3390/ma13010055
http://dx.doi.org/10.1016/j.cplett.2014.09.030
http://dx.doi.org/10.1021/jp508270g
http://dx.doi.org/10.1016/j.cplett.2016.09.028
http://dx.doi.org/10.1021/acs.jpca.7b06479
http://dx.doi.org/10.1021/acs.jpca.7b10196
http://dx.doi.org/10.3390/molecules23112763
http://www.ncbi.nlm.nih.gov/pubmed/30366391
http://dx.doi.org/10.1021/jacs.6b01249
http://www.ncbi.nlm.nih.gov/pubmed/26910602
http://dx.doi.org/10.1016/j.jorganchem.2018.02.014


Int. J. Mol. Sci. 2022, 23, 4655 19 of 20

190. Tao, Y.; Qiu, Y.; Zou, W.; Nanayakkara, S.; Yannacone, S.; Kraka, E. In Situ Assessment of Intrinsic Strength of X-I· · ·OA
Type Halogen Bonds in Molecular Crystals with Periodic Local Vibrational Mode Theory. Molecules 2020, 25, 1589. [CrossRef]
[PubMed]

191. Kalescky, R.; Zou, W.; Kraka, E.; Cremer, D. Local Vibrational Modes of the Water Dimer—Comparison of Theory and Experiment.
Chem. Phys. Lett. 2012, 554, 243–247. [CrossRef]

192. Kalescky, R.; Kraka, E.; Cremer, D. Local Vibrational Modes of the Formic Acid Dimer—The Strength of the Double H-Bond. Mol.
Phys. 2013, 111, 1497–1510. [CrossRef]

193. Freindorf, M.; Kraka, E.; Cremer, D. A Comprehensive Analysis of Hydrogen Bond Interactions Based on Local Vibrational
Modes. Int. J. Quantum Chem. 2012, 112, 3174–3187. [CrossRef]

194. Kalescky, R.; Zou, W.; Kraka, E.; Cremer, D. Vibrational Properties of the Isotopomers of the Water Dimer Derived from
Experiment and Computations. Aust. J. Chem. 2014, 67, 426. [CrossRef]

195. Tao, Y.; Zou, W.; Jia, J.; Li, W.; Cremer, D. Different Ways of Hydrogen Bonding in Water—Why Does Warm Water Freeze Faster
than Cold Water? J. Chem. Theory Comput. 2017, 13, 55–76. [CrossRef]

196. Tao, Y.; Zou, W.; Kraka, E. Strengthening of Hydrogen Bonding With the Push-Pull Effect. Chem. Phys. Lett. 2017, 685, 251–258.
[CrossRef]

197. Freindorf, M.; Tao, Y.; Sethio, D.; Cremer, D.; Kraka, E. New Mechanistic Insights into the Claisen Rearrangement of Chorismate—
A Unified Reaction Valley Approach Study. Mol. Phys. 2018, 117, 1172–1192. [CrossRef]
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