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Density functional theory calculations were performed to study the ability of uranium cations, U+ and U2+,
to activate the N-N and N-O bonds of N2O. A close description of the reaction pathways leading to different
reaction products is presented. The obtained results are compared with previous experimental works. The
nature of the bonding of all the involved species and the bonding evolution along the reaction pathways was
studied by means of the topological analysis of the ELF function.

1. Introduction

During the last decades a great body of studies has been
performed on the reactivity of actinide cations with small
molecules in the gas phase. This research has been mainly
carried out using mass spectroscopic techniques, which are able
to provide thermochemical data as well as some insight into
the reaction mechanisms.1-7 Some recent reviews on the subject
demonstrate the increasing interest in this area.1,2 The main goal
of this kind of research has been to analyze the reactivity and
bonding of the metal ions, which in the absence of perturbing
factors correlate directly with their electronic structures and
energetics. In the case of early actinides it is particularly
interesting to analyze the possible active role of the 5f electrons
in reactivity.

Some recent theoretical calculations have permitted us to get
a detailed description of the reaction mechanisms of activation
of small molecules by bare actinide cations.8-10 It has been
shown that, as in the case of reactions involving first- and
second-row transition metal cations, they usually involve more
than one spin state. This kind of behavior, in which more than
one spin surface connects reactants and products, is generally
referred to as two-state reactivity (TSR)11 and is known to play
a fundamental role in reactions involving transition metals.12

In addition, in the case of actinide chemistry the formal spin
may vary during a reaction without appreciably affect the rate
due to the fact that weak spin-orbit coupling (Russel-Saunders
coupling) does not apply to the heavy metal ions. Instead, strong
spin-orbit coupling (jj-coupling) better describes the electronic
states and the requirement for spin conservation is thereby
relaxed. Recent theoretical works involving gas phase reactions
of bare uranium atom and cations with small molecules have
shown the importance of taking into account different spin
states.8-10,13,14 In addition, for the reactions studied here, it must
also be taken into account that singlet N2O decomposes to singlet

N2 and triplet O, which is a spin-forbidden process. Bohme and
collaborators have recently performed a comprehensive study
of the reactivity of first-, second- and third-row atomic mono-
cations with N2O,15 in addition to an earlier study of the
reactivity of lanthanide cations and N2O.16 The reactivity of
first- and second-row transition metal cations and N2O has also
been theoretically studied,15,17 whereas to the best of our
knowledge this is the first theoretical study of the reaction
mechanisms of actinide cations with N2O.

Early studies of the reactivity of U+ and U2+ with nitrous
oxide have been performed by Schwarz and collaborators using
Fourier transform ion cyclotron resonance mass spectrometry
(FTICR-MS).3,4 More recently, the reactivity of mono- and
dipositive actinide ions with several oxidants was systematically
investigated by Gibson and co-workers.1,2,5,6

In the case of the reaction between U+ and N2O the following
reaction products were experimentally detected (FTICR-MS)4,5

The monocationic uranium oxide is the primary reaction
product, with a branching ratio of 60%5 (70% according to the
earlier studies).4

In the case of the reaction between the double charged cation
and nitrous oxide, UO2+ and UN+ were the reaction products
observed in FTICR-MS experiments:

For this reaction the product distribution indicates a substantial
fraction of UN+, with a branching ratio of 45%7 (20% according
to earlier studies3).
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The measured reaction efficiencies indicate that both reactions
are quite efficient (k/kCOL ) 0.47 for U+ + N2O5 and 0.40 for
U2+ + N2O7).

The main goal of this work is to perform a detailed study of
the gas phase reaction mechanisms of the interaction of U+ and
U2+ with N2O, with a special interest into the analysis of the
topological features of all the involved species and the descrip-
tion of the bonding evolution during the reaction pathways.

2. Computational Details

The density functional theory in its three-parameter hybrid
B3LYP formulation18 was the computational method used for
geometry optimizations and frequency calculations together with
the Stuttgart basis sets19 for the uranium atom, (25s 16p 15d
7f)/[7s 6p 5d 3f] in combination with the small-core relativistic
effective core potential (RECP). The small-core RECP replaces
the 60 electrons in inner shells 1-4 leaving the explicit treatment
of the n ) 5 shell (5s, 5p, 5d, and 5f) and also the 6s, 6p, 6d
and 7s valence electrons. The 6-311++G(2d,2p) basis set of
Pople and co-workers20 was employed for the rest of the atoms.
The calculations were carried out with GAUSSIAN03 package.21

The singlet state optimizations were done within the restricted
Kohn-Sham formalism, whereas the open-shell structures were
studied using the unrestricted approach. For the reaction pathway
analysis we have ensured that every transition structure has only
one imaginary frequency, and that it connects the reactants to
the appropriate products by means of IRC (Intrinsic Reaction
Coordinate) calculations. For all the studied species we have
checked the 〈S2〉 values to evaluate whether spin contamination
can influence the quality of the results. Only in some of the
doublet spin species we have found that the obtained values
differ from S(S + 1) by between 5 and 10%. The rest of the
structures do not present spin contamination problems.

The TopMod package22 was used to analyze the chemical
bonding of the studied species from a topological point of view
and the results were visualized with the help of the Molekel
4.023 and Amira 3.124 softwares. The topological description
of the chemical bond proposed by Silvi and Savin25 is based
on the gradient field analysis of the electron localization function
(ELF) of Becke and Edgecombe.26 ELF is a scalar function
whose gradient field enables us to carry out a partition of the
molecular space into basins of attractors closely related to
Gillespie’s electronic domains. As mentioned by Gillespie and
Robinson,27 “The electron localization function exhibits maxima
at the most probable positions of localized electron pairs and
each maximum is surrounded by a basin in which there is an
increased probability of finding an electron pair. These basins
correspond to the qualitative electron pair domains of the
VSEPR model and have the same geometry as the VSEPR
domains.” The valence shell of a molecule consists of two types
of basin: polysynaptic basins (generally disynaptic), which
belong to two atomic valence shells and the monosynaptic ones,
which belong to only one valence shell, and which qualitatively
correspond to nonbonding valence density. The valence basins
are labeled by V followed by a list of the atomic symbols of
the centers of the valence shells, i.e., V(A) and V(A,B) for a
monosynaptic and a disynaptic basin. The basin populations and
the associated covariance matrix are calculated by integration
of the one electron and pair densities over the volume of the
basins enabling a phenomenological interpretation of the
population analysis in terms of the superposition of mesomeric
structures.28 This analysis has provided very useful pieces of
information on the bonding for a wide range of chemical cases.29

To analyze the evolution of the bonding during the reaction
we have used the so-called bonding evolution theory (BET).30

This theory is based on a joint use of the ELF approach and
the catastrophe theory31 to identify changes between regions of
structural stability in processes of forming/breaking of chemical
bonds along the reaction path. This approach has been applied
to characterize different chemical processes.32

3. Results

For the reaction of U+ + N2O we have studied three different
spin states: quartet, sextet and doublet. The ground state (GS)
of the bare U+ is a 4I9/2 derived from the [Rn]5f37s2 configu-
ration.33 The three lowest-energy excited states are 6L11/2 ([Rn]
5f3 6d 7s) at 0.83 kcal/mol, 6M13/2 ([Rn] 5f3 6d2) at 13.11 kcal/
mol, and 6I7/2 ([Rn] 5f47s) at 13.33 kcal/mol. The first doublet
spin state, 2I9/2 ([Rn] 5f37s2), is at 21.71 kcal/mol over the 4I9/2

ground state.33 In previous works we have checked the reliability
of the employed level of theory,8-10 and we have calculated
the energy gaps for both cations (U+ and U2+) using different
DFT approximations.8 At the B3LYP/SDD level the quartet spin
GS is followed by two sextet states with [Rn] 5f36d17s1 and
[Rn] 5f47s1 electronic configurations, at 1.5 and 4.1 kcal/mol
higher in energy, respectively. The [Rn] 5f37s2 doublet spin state
was found to be around 18.2 kcal/mol over the quartet ground
state.

In the case of U2+, we have studied quintet, triplet and singlet
spin states. The GS of the bare dication is a 5I4 derived from
the [Rn]5f4 configuration whereas the lowest-energy triplet spin
state, 3H4 ([Rn]5f27s2), is about 105 ((17) kcal/mol higher in
energy.33 At B3LYP/SDD level we correctly identify the [Rn]5f4

quintet GS configuration, whereas the [Rn]5f4 and [Rn]5f27s2

triplet states were found at +36.9 kcal/mol and +100.1 kcal/
mol, respectively. For more details regarding the comparison
of the relative energies of the bare uranium cations, see ref 8.

3.1. U+ + N2O Reaction. We have analyzed different co-
ordination modes between the metal cation and N2O: the “side-
on” approach with respect to the N-O and N-N bonds, and
the “end-on” one, in which the cation interacts with the (O,N)
ending atoms of nitrous oxide, with a nearly linear arrangement.
Each geometrical structure was investigated for the three studied
spin states. According to our calculations, the only reaction
pathway that leads to the formation of UO+ + N2, reaction
channel 1a, starts with the N-end coordination mode. The initial
step involves the exothermic formation of an association
complex, U+-NNO. Then, the system passes through a transi-
tion state, TS1a, which contains the O and U atoms in a cis
position with respect to the N-N bond that allows the transfer
of the terminal O atom to the metal cation leading to the
formation of the OU+-N2 insertion intermediate. That inter-
mediate is a deep minimum (-145.0 kcal/mol) of the potential
energy profile (PEP) and has a quite long U-N bond length
(2.637 Å). Owing to the large internal energy and the geo-
metrical features of the OU+-N2 intermediate, the N2 elimina-
tion can be easily envisaged. The overall PEP for the reaction
1a is sketched in Figure 1a. In that figure we report the relative
energies of all of the species involved in the quartet, sextet and
doublet spin pathways, with respect to the U++ N2O reactants
GS. The quartet spin state remains as the ground state for the
whole reaction path 1a. The sextet state is very close to the
quartet at the entrance channel but becomes high in energy just
after the surpassing of the transition state. Therefore, for the
channel 1a we will restrict our discussion to the quartet ground
spin state. The geometrical parameters of all of the minima and
transition states involved in the reaction channel 1a are shown
in Figure 2a. We note that the transition state, TS1a (i 151 cm-1)
that has an intrinsic barrier height of almost 6 kcal/mol, is
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energetically well below the asymptote represented by the
reactants. The calculated exothermicity of the whole process
(reaction 1a) is of almost 134 kcal/mol (Figure 1a). This result
is in good agreement with the -145 ((5) kcal/mol calculated
from estimations based on the experimental U-O+ and N2-O
bond dissociation energies.2,34 As previously mentioned, we have
analyzed different ligand interactions modes, and we have found
that the formation of the O-end complex U+-ONN is less
favored (the process is exothermic by around 12.9 kcal/mol
compared to the 25.8 kcal/mol of the N-end adduct formation)
and does not evolve to the elimination of N2. The U+-ONN
complex in the lowest-energy quartet state is characterized by
a U-O bond length of 2.49 Å, an ∠ UON angle of 159.5°, and
the N2O moiety is almost perfectly linear.

The reaction of U+ and N2O to activate the N-N bond,
reaction channel 1b, shares with the previously described
reaction, the U+-NNO initial complex. From this structure, the
formation of UN+ (3Σg) + NO is an endothermic process, as
shown in Figure 1b. The computed exothermicity of reaction
1b is of around 14 kcal/mol. We note that, in contrast to the
previously studied reaction, the initial complex separates in two
fragments, both of which have total spin different to zero. The
geometrical parameters of all the structures involved in the
channel 1b are collected in Figure 2.

3.1.1. Bonding Analysis. To have a deeper understanding
of the reaction mechanisms, we have first analyzed the bonding
of each of the species involved in the reaction pathways, at all
the studied spin states, using the topological analysis of the ELF
function.

The ELF calculation fails to provide a clear core-valence
separation on the uranium center. As can be seen in Figures 2
and 6, there is a rather large number of small basins around the

uranium core assigned to monosynaptic valence basins by
TopMoD; however, the sums of the population of these basins
are noticeably over the expected values whereas the total basin
population of C(U) + V(U) is always less than 30.1 e. Therefore,
these basins belong to the external core shell in which the node
structure of the 4f, 6d and 5f pseudo-orbitals is probably
responsible for these complicated patterns. The localization
domains corresponding to the lowest-energy minima and
transition states of pathways 1a and 1b are shown in Figure 2,
whereas the corresponding basin populations are reported in
Table 1. As can be seen in Figure 2 and Table 1, the formation
of the first complex in the lowest-energy quartet spin state
provokes important topological changes in the ligand. The
U+-NNO (4A) complex is characterized by the presence of a
disynaptic valence basin between the terminal N and the U atom,
V(U,N1), with an electron population of 5.54 electrons. The
contribution to that population coming from the metal atom is
very low, namely, around 8%. The folding of the N2O moiety

Figure 1. Schematic representation of the B3LYP/SDD potential
energy profiles corresponding to (a) reaction channel 1a and (b) reaction
channel 1b. Spin multiplicities are given in parenthesis.

Figure 2. Geometrical parameters and ELF localization domains (η
) 0.75) of the lowest-energy minima and transition states corresponding
to (a) reaction channel 1a and (b) reaction channel 1b. Bond lengths
are in angstrom and angles in degrees.
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and the activation of the N-O bond are characterized by the
appearance of a monosynaptic valence basin on the central N
atom, V(N), which has an electron population of 2.76 electrons.
It has been previously reported35 that the N2O- anion shows a
monosynaptic basin in the central nitrogen atom, and the
formation of that basin gives an explanation to the NNO bond
angle and the lengthening of the bonds. The N-N bond is
already quite weakened in the initial complex, as demonstrated
by the important lowering of the V(N1,N2) electron population
after the adduct formation (Table 1). The formation of the TS1a

transition state involves only small variations of the valence
basin populations, all of which are in line with the small changes
of the bond lengths. The formation of the insertion intermediate
involves the broken of the U-N1 bond, as evidenced by the
disappearance of the corresponding disynaptic basin. The
presence of the V(U,O) disynaptic valence basin with an electron
population (7.24 e) very to close to that of the free UO+(4∆)
basin (7.44 e), indicates that this structure can be described as
formed from two fragments, UO+ and N2. The populations of
the basins associated with the N2 moiety are also very close to
that of the free N2 molecule (Table 1). The UO+(4∆) is
characterized by the presence of a disynaptic V(U,O) basin with
a total population of 7.44 e. The contribution of the metal atom
to that population is close to 10%. In all the structures involved
in the reaction pathways the spin density is always located on
the metal center (see 〈Sz〉 values in Table 1).

3.1.2. Reaction 1a Mechanism. To investigate the electronic
mechanism of reaction 1a, 104 single point calculations have
been carried out along the reaction path. An animation of the

reaction is provided by the reac1a.mpeg file available in the
Supporting Information. Figure 3 displays the evolution of
the valence basin populations of the N2O moiety along the
reaction path on both sides of TS1a (4A′′ ). The formation of the
initial complex is characterized by a transfer of about 1 e from
U+ toward N2O, this electron density is not polarized because
the unpaired electrons remain on the U side. It increases the
population of the V(N1) basin of the isolated N2O, which

TABLE 1: Basin Population, Nj , and Integrated Spin Densites, 〈SZ〉 , of the Key Minima Found along the U+ + N2O Reaction
Channels 1a and 1b

N2O (1Σg) U+-NNO (4A) TS1a (4A′′ ) OU+-N2 (4A′) UO+ (4∆) N2 (1Σg) UN+ (3Σg) NO (2Σg)

basin Nj Nj 〈SZ〉 Nj 〈SZ〉 Nj 〈SZ〉 Nj 〈SZ〉 Nj Nj 〈SZ〉 Nj 〈SZ〉

C(U)+V(U) 29.61 1.51 29.66 1.53 29.56 1.38 29.41 1.50 29.63 1.07
V(O) 6.04 5.24 5.45 4.88 0.16
V(N1) 4.06 3.15 3.21 6.24 -0.06 1.92 0.15
V(N2) 2.76 2.72 3.35 0.02 3.21 1.92 0.15
V(U,O) 7.24 -0.02 7.44
V(U,N1) 5.54 5.41 -0.02 0.91 0.01
V(N1,N2) 3.48 1.54 1.66 3.37 3.38
V(N2,O) 2.01 1.97 1.79 2.04

Figure 3. Evolution of the basin populations of the N2O moiety along
the IRC (arbitrary units) for reaction 1a. The black dot of the
V(U,N1)+V(N1)/V(N1) curve localizes the change of synaptic order
of the V(U,N1) basin.

Figure 4. Snapshots of the ELF localization basins for the reaction
coordinates (arbitrary units) from left to right R )-6.0, 8.7 and 18.5,
of the reaction pathway 1a.

Figure 5. Schematic representation of the B3LYP/SDD potential
energy profiles corresponding to the reaction channels 2a and 2b,
respectively. Spin multiplicities are given in parenthesis.
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becomes disynaptic with the formation of a U-N dative bond.
Another charge transfer occurs from the V(N1,N2) basin, which
leads to the formation of V(N2); thus the electronic environment
around the N2 center is of the AX2E VSEPR type, which
explains the bent structure of the complex. Moreover, in the
complex the V(N1,N2) basin is in fact split into two monosyn-
aptic basins V(N1) and V(N2) such as for in the case of electron
density depleted or protocovalent bonds.36 Figure 4 shows three
typical bonding situations taken along the reaction path taken
before and after the transition state. As the transition state and
the complex are close in energy, there is no important change
in the ELF topology of these structures, in agreement with the
Hammond’s postulate. However, the N-N bond is no longer
protocovalent because the V(N1) and V(N2) basins have been
reunified by a cusp catastrophe.30 The population of V(N1,N2)
has increased at the expense of V(U,N1) and of V(N2) and
consequently the N-N distance is shortened. Figure 4 also
shows a transfer of electron density from the V(N2,O) basin to
the V(O) ones until the first discontinuity of the V(N2,O) curve,
which corresponds to a cusp catastrophe yielding a small V(O)
basin rapidly merged to main ones by a fold catastrophe30

whereas V(N2,O) collapses into V(N2) by the same process.
The last part of the reaction path is driven by the UNN in-
plane bending, which yields the formation of the products. A
schematic representation of the mechanism in which curly
arrows represent electron density transfers is

3.1.3. Reaction 1b Mechanism. The mechanism 1b is much
more straightforward because in the U+-NNO complex at
equilibrium, the V(N1,N2) basin is already split into two
monosynaptic basins. When the N1-N2 distance becomes larger
than 1.73 Å, V(N2) vanishes and the V(N1) population starts
to increase. The unpaired electron density remains entirely
localized on the U center for N1-N2 distances less than 2.1 Å.

3.2. U2+ + N2O. In the case of the reaction of U2+ we have
studied three different spin states: quintet, triplet and singlet.
As in the previous reaction, we have considered different
coordination modes and we have found that the lowest-energy
structures of the initial adduct involve quasi-linear geometries.
In contrast to the monocationic complexes, in this case the
relative stability of the U2+-ONN and U2+-NNO adducts with
respect to the reactant asymptote is very close (around -35 kcal/
mol). In Figure 5 are shown the reaction pathways for the
channels 2a and 2b. In that figure we report the relative energies
of all the species with respect to the U2++ N2O ground state
fragments. As can be seen in Figure 5a, the reaction channel
for the activation of the O-N bond, starts with the exothermic

formation of the U2+-ONN complex in the quintet spin state.
The N-O bond length shows a slight increase upon the complex
formation, whereas the N-N distance slightly decreases (see
Figures 2 and 6). The formation of the UO2+ (3Σg) + N2

products implies the surpassing of a transition state, TS2a, which
has an imaginary frequency (i 1049 cm-1) corresponding to the
N-O bond stretching. The intrinsic barrier height associated
to this transition structure is of almost 8 kcal/mol. The transition
state, however, is well below the U2+ + N2O asymptotes limit
(-26.2 kcal/mol). An intersystem crossing between the quintet
and triplet spin surfaces takes place just after the system
surpasses the transition structure, because the ground spin state
of the UO2+-N2 insertion intermediate as well as the reaction
products, is the triplet. Our calculations indicate that the
exothermicity of reaction channel 2a is around 100 kcal/mol
(Figure 5a). From experimental estimations of N2-O and
U-O2+ bond dissociation energies34,7 the expected value is of
around -125 ((14) kcal/mol.

We note the different reaction mechanism found for the
activation of the N-O bond by U+ and U2+. We must mention
that we have tried to find for U2+ a reaction mechanism similar
to that found for U+, in which the N-O bond activation starts
with the formation of the N-end complex. However, all the
attempts have failed, because the formation of the U2+-NNO
adduct leads only to the N-N bond activation, channel 2b,
which evolves as follows. After the formation of the initial
U2+-NNO complex in the quintet ground state, the formation
of the transition state provokes a crossing between the triplet
and quintet spin surfaces. In this case, therefore, the spin
crossing occurs before the system has surmounted the transition
state, in contrast to the previously analyzed channel 2a. In fact,
the lowest-energy transition state, TS2b, which is characterized
by an imaginary frequency (i 1097 cm-1) that corresponds to
the N-N bond stretching, has the triplet ground spin state
(Figures 5b and 6b). The U2+-NNO cation is thermodynami-
cally unstable with respect to the dissociation into the UN+ +
NO+ fragments, which can be undestood considering that the
IE of UN+ (calculated value: 323 kcal/mol) exceeds the NO IE

TABLE 2: Basin Population, Nj , and Integrated Spin Densities, 〈SZ〉 , of the Key Minima Found along the U2+ + N2O Reaction
2a

N2O (1Σg) U2+-ONN (5A′′ ) TS2a (5A′′ ) UO2+-N2 (3A′′ ) UO2+ (3Σg) N2 (1Σg)

basin Nj Nj 〈SZ〉 Nj 〈SZ〉 Nj 〈SZ〉 Nj 〈SZ〉 Nj

C(U) + V(U) 30.09 1.98 29.84 1.83 28.63 0.95 28.69 1.04
V(O) 6.04 5.90 0.01 6.22 0.03
V(N1) 1.97 0.05 3.29 3.21
V(N2) 4.06 3.36 3.32 3.00 3.21
V(U,O) 7.30 -0.04 7.15 -0.04
V(N1,N2) 3.48 4.75 3.39 0.01 3.45 3.38
V(N1,O) 2.01 1.59 0.93

TABLE 3: Basin Population, Nj , and Integrated Spin
Densities, 〈SZ〉 , of the Key Minima Found along the U2+ +
N2O Reaction Channel 2b

U-NNO2+ (5A′) TS2b (3A′′ ) UN+ (3Σg) NO+ (1Σg)

basin Nj 〈SZ〉 Nj 〈SZ〉 Nj 〈SZ〉 Nj

C(U) + V(U) 30.06 1.97 29.73 1.54 29.63 1.07
V(O) 2.31 0.15 3.87
V(O) 5.22 2.47 0.06
V(N1) 4.32 0.01 0.39 0.15 6.24 -0.06 2.88
V(N1)
V(N2) 2.63 0.08
V(U,N1) 5.65 0.91 0.01
V(N1,N2) 3.77
V(N2,O) 2.27 2.26 3.04
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(calculated value: 225 kcal/mol) and the UN2+-NO binding
energy (calculated value: 73.1 kcal/mol) does not compensate
for the difference of the IEs. However, it must be mentioned
that, to drive conclusions about the kinetics of the charged
products separation, the possibility of kinetic hindrance to such
separation should be also taken into account. Our calculations
indicate that the channel 2b has an exothermicity of almost 60
kcal/mol with respect to the reactants asymptote. Also in this
case the reaction barrier is below the reactants asymptote (-14.4
kcal/mol). We note that for the products the singlet spin surface
is closer to the triplet ground state than the quintet state. This
is the reason for which we have also studied the singlet state,
despite the fact that the bare U2+ singlet state is quite high in
energy (+62.6 kcal/mol at B3LYP/SDD level of theory). As
can be seen in Figure 5b, we were unable to locate the transition
state on the singlet spin surface, however, from the shape of
the PES it can be concluded that the singlet spin state is not
relevant for this reaction.

The optimized geometrical parameters of the lowest-energy
spin state structures involved in the reaction channel 2a and 2b
are displayed in Figure 6.

3.2.1. Comparison of the Energetic Results. As suggested
by one of the referees of this article, we have checked the
interconsistency of the energetical results obtained for the mono-
and dicationic reactions. The computed reaction energies can
be summarized as follows:

U+ (quartet)+N2O (singlet)fUO+ (quartet)+

N2 (singlet) ∆Ethis work )-133.4 kcal/mol (1a)

U+ (quartet)+N2O (singlet)fUN+ (triplet)+

NO (doublet) ∆Ethis work )-14.1 kcal/mol (1b)

U2+ (quintet)+N2O (singlet)fUO2+ (triplet)+

N2 (singlet) ∆Ethis work )-100.1 kcal/mol (2a)

U2+ (quintet)+N2O (singlet)fUN+ (triplet)+

NO+ (singlet) ∆Ethis work )-59.8 kcal/mol (2b)

Considering the calculated energy for reaction 1a and the
experimental values for U+ and UO+ ionization energies (IEs:
274.437 and 293.07 kcal/mol), we would obtain a ∆E for reaction
2a of around 115 ((18) kcal/mol. Considering the experimental
uncertainty, our results fit well the estimated value. We note,
however, that the difference between the calculated and the
estimated value is originated by the underestimation of the
experimental U+ IE (270.7 kcal/mol at B3LYP/SDD level
compared with the 274.4 kcal/mol37) and mainly from the
overestimation of the UO+ IE (303.8 kcal/mol at B3LYP/SDD
vs the 293.0 experimental value).7

Analogously, when combining reaction 1b with the experi-
mental U+ and NO ionization energies (274.4 and 213.6 kcal/
mol34), we can estimate the exothermicity of reaction 2b to be
about -75 kcal/mol. Once again we note a difference with
respect to the calculated value (-59.8 kcal/mol) of around 15
kcal/mol. Also in this case the source of the diference is the
calculated ionization energies, which, as previously mentioned,
in the case of U+ the experimental value is underestimated by
almost 4 kcal/mol, whereas in the case of NO, is overestimated
by around 12 kcal/mol (225.01 kcal/mol at B3LYP/SDD value
compared to the 213.6 kcal/mol). Also in this case the errors
add up, giving a difference of around 15 kcal/mol between the
computed energetics of (2b) and the estimated value obtained
from the experimental IEs.

3.2.2. Bonding Analysis. As mentioned in the previous
section, channel 2a starts with the formation of the U2+-ONN
complex in the quintet spin state. The localization domains
corresponding to the lowest-energy minima and transition states
of pathway 2a are shown in Figure 6a. The corresponding basin
populations are collected in Table 2. As can be seen, the
stabilization of the initial adduct does not imply the formation
of a chemical bond between the fragments (U2+ and N2O). We
note that the metal-ligand distance is much larger than the value
found in the monocationic case (2.364 Å vs 1.916 Å in
U+-NNO). However, the interaction between the moieties
provokes some redistribution of charge between the basins of
N2O (Table 2). In particular, the decrease of the V(N1,O) basin
population (1.59 e versus the 2.01 e in the free N2O) is an
indication of the weakening of the N-O bond that takes place
after the formation of the initial ion-molecule complex. In
contrast, the V(N1,N2) basin shows an important increase of
the electronic population at the expense of the diminishing of
the V(N2) and V(N1,O) populations. These changes are in line
with the slight lengthening of the N-O distance (1.229 Å in
the quintet U2+-ONN complex versus 1.202 Å in the free
ligand), and the slight shortening of the N-N distance (1.107
Å versus 1.130 Å in free N2O) that occurs after complexation.
The formation of the transition state, TS2a in the 5A′′ state
implies a further weakening of the N-O bond, V(N1,O) )
0.93 e. We note the absence of a disynaptic valence basin
between U and O in the TS2a. The insertion intermediate,
UO2+-N2, can be considered as formed from two fragments,
as demonstrated by the basin populations present in that structure
(see Table 2). The reaction product, UO2+(3Σg) is characterized
by the presence of a disynaptic V(U,O) valence basin with an
electron population of 7.15 e. The contribution to that population
brought by the U atom is quite low, namely around 10% of the
total population. As can be seen in Table 2, the spin density is
always located on the metal atom (see 〈Sz〉 values).

3.2.3. Reaction 2a Mechanism. The reac2a.mpeg file avail-
able in the Supporting Information clearly shows the electronic
rearrangement along the intrinsic reaction coordinate of the
quintet state before the crossing point and of the triplet after.
At the crossing point both energies and both reaction coordinates
are equal. The evolution of the basin population displayed by
Figure 7 clearly shows that the changes in the bonding occur
in the quintet state after the transition state. At values of the
IRC less than 1.0 the N2O moiety is almost linear and therefore
there is a large V(N1,N2) basin, at larger values the ∠ ON1N2
angle decreases and a new basin V(N1) appears, in agreement
with the VSEPR prescription for a bent geometry. A fold
catastrophe merges the V(O,N1) into V(N1). All along the
quintet IRC, the C(U) + V(U) population is very close to 30.0 e,
which is that expected for U2+. In fact, the electron density in
the external core subshell is unpaired and therefore it cannot
be mixed with that of the oxygen lone pairs. In the triplet state,
the 5fσ orbital is doubly occupied which enables a transfer of
paired density toward oxygen. Consequently, the C(U) + V(U)
basin population decreases by an amount of ca. 1.4 e. The
bonding in the UO2+ fragment is mostly ionic U4+ + O2- with
a contribution of the mesomeric structure U2+ + O testified by
a rather large covariance of the C(U) and V(U,O) basin
populations (∼-1.0) and by the localization of the spin density
in the uranium core. In the triplet state, the N2 fragment has
the characteristics of an independent closed shell molecular
species.

3.2.4. Reaction 2b Mechanism. For this reaction, it had not
been possible to localize the crossing point between the quintet
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and triplet states (Figure 8). The large energy difference between
the two transition states (see Figure 5b), as well as rather large
geometrical differences can be the principal reasons of this
failure. However, it has been possible to follow the basin
populations along a large part of both states intrinsic reaction
coordinates. All the IRC points calculated for the quintet state
have energies always larger than those of the triplet and therefore
arehelpless todiscuss themechanism.Theanimation(reac2b.mpeg
file available in the Supporting Information) is restricted to the
triplet results as well as the graph of the basin population vs
IRC of Figure and 9. The quintet reactant complex appears to
be the union of the U2+ and N2O moieties: the spin density is
localized on U2+ and there is no charge transfer between the

fragments. In the triplet state, the charge transfer toward N2O
is possible, accordingly the C(U) + V(U) population decreases
to 29.7 and V(N1,N2) gives rise to a new basin, V(N2), which
explains the bent geometry around N2. The V(N1,N2) popula-
tion consistently decreases, just before the TS a cusp catastrophe
split it into two monosynaptic basins later merged into V(N2)
and V(U,N1).

Figure 6. Geometrical parameters and ELF localization domains (η
) 0.75) of the lowest-energy minima and transition states corresponding
to (a) reaction channel 2a and (b) reaction channel 2b. Bond lengths
are in angstrom and angles in degrees.

Figure 7. Evolution of the basin populations of the N2O moiety along
the IRC (arbitrary units) for reaction 2a. The part on the left side of
the vertical dashed line corresponds to the quintet state, on the right
side to the triplet.

Figure 8. ELF localization domains (η ) 0.75) of the quintet (left)
and of the triplet (right) in the neighborhood of the crossing point.

Figure 9. Evolution of the basin populations of the N2O moiety along
the IRC (arbitrary units) for reaction 2b in the triplet state.
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4. Summary and Conclusions

The main conclusions driven from the energetical analysis
of the studied reactions can be summarized as follows. All the
studied reactions are exothermic processes that do not involve
reaction barriers over the reactants asymptotes. The main
difference between the reactions of U+ and U2+ is that in the
first case the electronic spin is conserved overall whereas in
the second there are crossings between surfaces of different spin.
The formation of UO+ + N2 from the U+/N2O couple is the
reaction with the higher exothermicity (-133.4 kcal/mol) and
involves the lowest intrinsic barrier height (6 kcal/mol). The
formation of UN+ + NO involves a dissociation barrier of
almost 12 kcal/mol and has an exothermicity of around 14 kcal/
mol. These results supports the experimental reports that indicate
that the reaction is very efficient with the formation of UO+ as
the primary reaction product.

According to our calculations U2+ reacts with N2O to form
UO2+ + N2 and UN+ + NO+ in exothermic processes (-100
kcal/mol for the first reaction and -59.8 kcal/mol for the
second). Both reactions involve crossings between the quintet
and triplet spin surfaces. For the first reaction that crossing takes
place after the transition state, whereas in the second the crossing
occurs just before the transition state. In both cases such
crossings occur at energies below the reactant asymptote.

The ELF analysis provides a clear description of the reactions
between N2O and the uranium cation and dication. In the case of
U+ + N2O, the electronic state of the isolated cation enables a
charge transfer toward N2O the effect of which is the appearance
of a monosynaptic basin on the central nitrogen center correlated
with a decrease of the V(N1,N2) population and with the change
from a linear to a bent geometry of the fragment. The UNN and
NNO in-plane bending modes are the driving internal coordinates
of the reaction. Two routes are possible from the TS: in 1a the
N-O bond is broken in a dative fashion because the V(N,O) basin
becomes monosynaptic, the reaction ends with the formation of
an open shell fragment UO+ and of a closed shell fragment N2; in
reaction 1b the covalent N-N bond is broken, giving rise to two
open shell fragments. The breaking of a dative bond requires less
energy than that of a covalent one, and therefore, the 1a reaction
is favored.

The complexes of U2+ with N2O have both quintet ground
states that prevent any charge transfer between the fragments.
In the triplet state, the charge transfer is possible, provoking
the same effects as in the U+ + N2O reactions. Two mechanisms
are observed in the triplet state: on the one hand, the breaking
of a dative bond yielding an open shell fragment (UO2+) and a
closed shell fragment (N2) and, on the other hand, the breaking
of a covalent bond leading to the formation of two open shell
fragments (UN+ and NO+), this latter being energetically less
favorable than the former.
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