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ABSTRACT: A series of actinide (An) species of L-An-N compounds [An = Pa−
Pu, L = [N(CH2CH2NSiPr

i
3)3]

3−, Pri = CH(CH3)2] have been investigated using
scalar relativistic density functional theory (DFT) without considering spin−orbit
coupling effects. The ground state geometric and electronic structures and natural
bond orbital (NBO) analysis of actinide compounds were studied systematically in
neutral and anionic forms. It was found that with increasing actinide atomic number,
the bond length of terminal multiple An−N1 bond decreases, in accordance with the
actinide contraction. The Mayer bond order of An−N1 decreases gradually from An
= Pa to Pu, which indicates a decrease in bond strength. The terminal multiple bond
for L−An−N compounds contains one σ and two π molecular orbitals, and the
contributions of the 6d orbital to covalency are larger in magnitude than the 5f
orbital based on NBO analysis and topological analysis of electron density. This
work may help in understanding of the bonding nature of An−N multiple bonds
and elucidating the trends and electronic structure changes across the actinide series. It can also shed light on the construction of
novel An−N multiple bonds.

1. INTRODUCTION

Many complexes with multiple bonds are known for main
group and transition metal elements,1−4 such as carbon,
nitrogen, oxygen, and metals. Actinide compounds with
actinide-ligand multiple bonds are relatively rare compared to
those of the main group elements.5,6 Gilje et al. reported the
first uranium carbene complex containing a uranium multiple
bond with a ligand in 1981.5 In recent years, complexes
containing actinide-ligand multiple bonds have received
widespread attention due to their unique structural properties
and potential applications in synthesis and catalysis.7−16 Such
multiple bonds between actinide and main-group ligands,
especially for terminal oxo, nitrido, imido, carbene ligands as
well as chalcogens, are often observed for early actinides. For
example, the CUO molecule was detected with laser ablation
techniques and the U−C bond was found to possess quadruple
bond character.17,18 Bart and co-workers reported a complex
Tp*2UO [Tp* = hydrotris(3,5-dimethylpyrazolyl)borate]
with a UO bond length of 1.863 Å.19 Although many
uranium nitride complexes have been synthesized, most of
them feature a bridging binding mode. Liddle and co-workers
first reported a terminal uranium(V) nitride and identified it to
be a U−N triple bond of 1.825 Å in length in 2012.13

Subsequently, they isolated the first uranium(VI) complex

including a terminal uranium nitride triple bond of 1.799 Å
(Scheme 1) through mild redox reactions.15

The observations of a terminal uranium nitride triple bond
set a new benchmark for 5f orbital participation in bonding and
opened the door for unprecedented actinide-mediated
reactivity. However, multiple bonds across actinide series are
not well explored compared to those of main elements and
transition metals. At the same time, actinide analogues of other
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Scheme 1. Structures of L-U-N Compound and Ligand [L =
[N(CH2CH2NSiPr

i
3)3]

3− and Pri = CH(CH3)2]
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than the L-U-N compounds have not been explored
experimentally or theoretically. Actually, all actinide com-
pounds are radioactive and toxic, especially transuranic
elements, which hinders experimental studies with them.
Fortunately, at present quantum chemical studies can provide
another useful approach to disclose the electronic structures
and bonding natures of actinide compounds. Although there
have been many reports about computational studies of
actinide complexes,17,20−31 few efforts focus on the covalency
and bonding nature of multiple bonds.18,32−35 Therefore, it is
highly desirable to understand the trends and differences of 5f
orbital participation in actinide-ligand multiple bonds across the
actinide series, which could provide essential information for
the construction of terminal actinide nitride multiple bonds.
In the present work, based on the first isolated L-U-N

compound containing the terminal UN triple bond (Scheme
1), we have investigated the conformations, electronic states,
natural bond orbital (NBO), and electron density of L-An-N
species (An = Pa to Pu) with scalar relativistic density
functional theory. The oxidation state of uranium in neutral and
anionic L-U-N compounds is hexavalent and pentavalent,
respectively. Here we change construction to explore a series of
new actinide compounds by replacing U in L-U-N compounds
with actinide elements from Pa to Pu. To the best of our
knowledge, the comparative bonding studies of molecular
compounds across actinide series are limited.20,32,33,35 There-
fore, establishing bonding trends and differences across the
early 5f series could provide a more detailed comprehension of
basic bonding principles and help obtain chemical knowledge
for nuclear fuel cycle applications.

2. COMPUTATIONAL DETAILS
The geometry optimizations were carried out using the DFT method
with the Gaussian09 program.36 To test the reliability of different DFT
methods for our studied molecules, we applied B3LYP,37,38 BP86,39

PBE,40 and M06-2X41 methods for the neutral and anionic L-U-N
species. According to the relative errors of bond lengths and
vibrational frequencies, the BP86 functional is in surprisingly better
agreement with experimental results as mentioned below, which is also
a widely used functional for actinides.42,43 Therefore, all actinide
species in this work have been optimized with the BP86 method. The
quasi-relativistic small-core pseudopotential ECP60MWB along with
the corresponding ECP60MWB-SEG valence basis sets were applied
for actinide atoms (An = Pa to Pu).44−46 For the other atoms (H, C,
N, and Si), the 6-31G(d) basis set was used. The quasi-relativistic
small-core pseudopotential replaces 60 core electrons for actinide
atoms, whereas the remaining electrons were represented by the
associated valence basis set. A small-core ECP is generally considered
to be more accurate than a large-core ECP. Spin−orbit effects were
neglected in this work. It should be pointed out that spin−orbital

effects should be small, but it does have a potential effect on
geometries and vibrational frequencies. The unrestricted Kohn−Sham
formalism was performed for all L-An-N species with unpaired 5f
electrons, and the different spin states (singlet, doublet, triplet, and
quartet) for all species were also considered, and spin contamination
was found to be small as mentioned below. According to the total
electronic energies of all species with different spin states, the highest
spin state was confirmed to be the ground state. Harmonic vibrational
frequencies obtained analytically at the optimized structures are all
positive values. Natural population analysis (NPA) was carried out
using the NBO method with NBO 5.0 program47 as implemented in
the Amsterdam density functional (ADF 2010.02) package.48,49

Strictly speaking, the density matrices are required to perform NBO
analysis. Although the DFT method can only provide density
functions, it has also been proven to obtain reasonable results of
bonding nature.18,32,50 In NBO calculations, the BP86 method and the
Slater type orbital (STO) basis set with the quality of triple-ζ plus
polarization (TZP) basis set were used,51 without the frozen core. The
scalar relativistic (SR) effects were taken into account using the zero-
order regular approximation (ZORA) approach.52 Additionally, the
topological analysis of the electron density for the terminal multiple
An−N1 bond were performed by employing quantum theory of atoms
in molecules (QTAIM) with ADF program and Multiwfn code,53

respectively.

3. RESULTS AND DISCUSSION

3.1. Optimized Geometries and Harmonic Vibrational
Frequencies. To date, there are several benchmarks for the
DFT methods for studying actinide complexes. Averkiev et al.
have done extensive studies on the bond energies and
ionization potentials of actinide compounds using various
DFT functionals and found that the B3LYP method gives more
accurate results.38 Vetere et al. have also systematically
performed on comparative studies of quasi-relativistic DFT
(pure and hybrid) methods for the bonding of trivalent
lanthanide and actinide complexes and pointed out that the
pure DFT (BP86 and PBE) functionals give more reliable
results compared to hybrid methods.42 Therefore, to calibrate
the reliability of theoretical methods for the compounds studied
here, four exchange-correlation functionals, B3LYP, BP86, PBE,
and M06-2X were selected. Table 1 lists the terminal U−N1
bond lengths and their harmonic vibrational frequencies in
neutral and anionic L-U-N species using four functionals with
6-31G(d) basis set, respectively. The relative errors with the
BP86 level of theory are the smallest among these four
functionals. For example, the relative errors of the U−N1 bond
length and the corresponding stretching vibrational frequency
in the anionic L-U-N compound are only 1.1% and 2.0% with
the BP86 functional, respectively. In addition, to make clear the
effect of the diffuse function, we have also carried out the

Table 1. Terminal U−N1 Bond Distances (R, Å) and the Corresponding Harmonic Vibrational Frequencies (ν, cm−1) in
Neutral and Anionic L-U-N Species at BP86, B3LYP, PBE, and M06-2X Methods with 6-31G(d) and 6-31+G(d) Basis Sets,
Respectivelya

species parameter expt BP86 B3LYP PBE M06-2X

[L-U-N]− R6‑31G(d) 1.825(15)b 1.805(1.1%) 1.782(2.4%) 1.802(1.2%) 1.766(3.3%)
R6‑31+G(d) 1.825(15)b 1.805(1.1%) 1.782(2.4%) 1.802(1.2%) 1.766(3.3%)
ν6‑31G(d) 936b 917(2.0%) 969(3.5%) 905(3.3%) 1001(6.9%)
ν6‑31+G(d) 936b 922(1.5%) 966(3.2%) 924(1.3%) −d

L-U-N R6‑31G(d) 1.799(7)c 1.773(1.4%) 1.743(3.1%) 1.770(1.6%) 1.709(5.0%)
R6‑31+G(d) 1.799(7)c 1.773(1.4%) 1.743(3.1%) 1.770(1.6%) 1.709(5.0%)
ν6‑31G(d) 914c 938(2.6%) 1008(10.2%) 943(3.2%) 1099(20.2%)
ν6‑31+G(d) 914c 936(2.1%) 1006(9.7%) 942(2.7%) 1093(19.2)

aThe values in parentheses are the relative errors compared to experimental results. bRef 13. cRef 15. d“−” denotes not available.
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geometrical optimizations and frequency calculations using the
6-31+G(d) basis set. It can be clearly seen that the bond
lengths are the same with those obtained with the 6-31G(d)
basis set (Table 1), and the relative errors of the harmonic
vibrational frequencies decrease a little bit compared to 6-
31G(d) basis set. Therefore, based on our comparisons of the
structures and frequencies using four functionals, the following
optimizations, vibrational frequencies and NBO analysis of the
L-An-N species were applied using the BP86 method with the
6-31G(d) basis set in this work.
Here we selected actinide elements from Pa to Pu to replace

U in L-U-N compounds, so that a series of new actinide
compounds change construction to explore at the molecular
level. The oxidation states of actinide elements studied here are
hexavalent and pentavalent in neutral and anionic L-An-N (An
= Pa−Pu) species, respectively. We have optimized a series of
actinide species, L-An-N (An = Pa−Pu), in neutral and anionic
states at the BP86 level of theory. Because 5f orbital hosts the
unpaired electrons, the stabilities of these compounds at
different electronic spin states were considered. The corre-
sponding highest spin state was confirmed to be the ground
state according to the obtained total electronic energies of each
actinide species as listed Table S1 of Supporting Information
(SI). The spin contamination of the ground state was found to
be small except for those of L-Pu-N complexes (Table S2 of
SI), and the largest deviation from the ideal value is 0.21 for the
quartet state L-Pu-N, which suggests the multireference
character. Table 2 lists the predicted An−N bond distances
and the An-N1 vibrational frequencies in neutral and anionic L-
An-N species at the BP86//ECP60MWB-SEG/6-31G(d) level
of theory. To determine the trend in five An−N bonds with
increasing atomic number of actinide, the bond distances of
An−N1(terminal nitrogen) and An−N5 (amido nitrogen), and
the average An−N bond distances with nitrogen atom from
imido group (Nimido = N2, N3, and N4) are plotted in Figure 1.
It can be clearly seen from Figure 1 that the terminal An−N1

bond distances in neutral and anionic L-An-N species both
decrease gradually from Pa to Np, in accordance with the
actinide contraction. For example, in anionic species, the An−
N1 bond distance shortens by 0.034 Å from L−Pa−N (1.825
Å) to L−Pu−N (1.791 Å). The trend of the An−N1 bond
distances in L-An-N compounds is consistent with the ionic
radii of actinides(V).54 Furthermore, the terminal An−N1 bond
distances in neutral L-An-N species are shorter compared to
those in the corresponding anionic compounds, which reveal
that the strength of the An−N1 bond in neutral species is
stronger than that in the corresponding anionic one. Similar to
the terminal An−N1 bond, the average bond distances of three
An−Nimido bonds (Nimido = N2, N3, and N4) in neutral and
anionic L-An-N species also decrease from U to Pu, and the

average distance of three An−Nimido bonds in neutral L-An-N
species is shorter than that in the corresponding anionic
species. The bond distances between actinide atoms and
nitrogen atoms of amine (An−N5) are the longest among all
An−N bonds. For instance, the bond length of U−N5 in
neutral L-U-N compound (2.643 Å) is 0.910 Å longer than that
of the terminal U−N1 (2.733 Å). However, unlike terminal
An−N1 and An−Nimido bonds, the bond length change of An-
N5 with the atomic number is irregular. Additionally, the bond
angles of N5AnN1 (Table 2) in all anionic L-An-N species are
close to 180° except that of N5PuN1 with a deviation of 10°.
However, in the neutral species, only the bond angle of N5UN1
still remains about 180°. We also provide the harmonic
vibrational frequencies of the An−N1 bonds at the BP86 level
of theory in Table 2. The An-N1 harmonic vibrational
frequency in neutral and anionic L-An-N species decreases
with increasing atomic number of actinide. Moreover, the
harmonic vibrational frequency of the An−N1 bond in neutral
L-An-N species is larger than that in the corresponding anionic
one, which reflects the trend of the An−N1 bond in neutral and
anionic species across the actinide series.

3.2. Molecular Orbitals. To further study the bonding
character between actinide (An = Pa−Pu) and the terminal
nitrogen, the canonical valence molecular orbitals (MOs)
involved in the An−N1 bond are shown in Figures S1−S2,
Supporting Information. The MO diagrams and the corre-
sponding orbital energy levels for all L-An-N species are
displayed in Figure 2. It can be clearly seen that these MOs
mainly possess σ and π character. The energy level of σ MOs
for all compounds decreases with increasing atomic number of
actinide, and π MOs follow the same trend. Taking the σ MO
in anionic L-An-N species as an example, the order of energy is
Pa(−0.824 eV) > U(−1.332 eV) > Np(−1.478 eV) >

Table 2. Selected An−N Bond Distances (Å), Bond Angles (deg), and Harmonic Vibrational Frequencies in L-An-N Species at
BP86 Level of Theory

L−An−Na An−N1 An−N2 An−N3 An−N4 An−N5 N5AnN1 N3AnN4 N3AnN2 N4AnN2 νs(An−N1)

Pa(−1,1) 1.825 2.430 2.410 2.412 2.756 177.90 107.21 109.43 107.71 927
U(−1,2) 1.805 2.403 2.389 2.392 2.740 177.15 107.11 109.52 106.83 917
Np(−1,3) 1.791 2.389 2.411 2.396 2.631 177.42 110.01 109.63 108.47 871
Pu(−1,4) 1.791 2.393 2.390 2.407 2.606 170.48 109.53 110.22 109.64 773
U(0,1) 1.773 2.291 2.295 2.300 2.643 177.35 109.06 108.13 108.03 938
Np(0,2) 1.761 2.304 2.299 2.274 2.564 152.84 108.23 110.70 104.73 894
Pu(0,3) 1.758 2.249 2.303 2.289 2.700 146.67 109.17 111.13 103.53 830

aThe values in parentheses are the molecular charge and the most stable spin state, respectively.

Figure 1. Bond distances of terminal An−N1 (triangle) and An−N5
(circle) as well as the average bond distances of An−Nimido (square) in
neutral (red line) and anionic (black line) L-An-N species (An = Pa−
Pu) at the BP86 level of theory.
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Pu(−2.043 eV). Moreover, the energy level of the σ MO is
higher than those of π MOs for all L-An-N species. In addition,
the energies of the MOs for all neutral L-An-N species are
much lower than those of corresponding anionic compounds
because an electron is removed from the anionic species.
According to the energies of the An-N1MOs, the terminal An-
N1 multiple bond in neural L-An-N species is stronger
compared to those in the corresponding anionic ones. This is
consistent with the result from the An−N1 bond as discussed
above.
3.3. NBO Analysis. We also performed the natural bond

orbital (NBO) analysis at the BP86/TZP level of theory using
NBO program built in ADF suit. The natural charges on the
actinide and nitrogen atoms in L-An-N species are displayed in
Figure 3, and the charge values are also provided in Table S3 of

Supporting Information. For neutral and anionic species, with
increasing atomic number of actinide, the natural charges (i) on
the actinide atom decrease; (ii) on the terminal nitrogen (N1)
increase; (iii) on the nitrogen atom of imido (N2, N3, and N4)
and amido (N5) groups are almost similar. These results
indicate that the An−N (N = N2−N5) bonds possess similar
bonding character across the actinide series, whereas the
terminal An−N1 bond obviously changes. In addition, based on
the natural charges obtained here, the Pa atom possesses the
largest positive charge and the N1 atoms possesses the largest
negative charge in L-Pa-N species, suggesting the strongest
interaction between Pa and terminal N1 atoms among all the L-
An-N species.
The electronic configurations of the isolated actinide atoms

are as below: Pa, [Rn]7s25f26d1; U, [Rn]7s25f36d1; Np,
[Rn]7s25f46d1; and Pu, [Rn]7s25f6. The natural electronic
configurations of actinide and terminal N1 atoms in neutral and
anionic L-An-N species are provided in Table 3. It can be found

that the natural electronic configurations of actinide are similar
for neutral and anionic species. It is clearly observed that for the
actinide atom: (i) the electrons mostly occupy 5f shell, and the
remaining electrons residue 6d and 7s shells, indicating that the
5f orbital is mainly involved in the An−N1 bond. It can be
concluded that the 5f orbital may be more suitable to multiple
bonding than the 6d orbital due to its more favorable angular
variation and energies; (ii) 5f population occupancies increase
with increasing actinide atomic number, whereas 6d and 7s
occupancies decrease, also denoting that more 5f orbital
component participates in bonding across the actinide series. As
for the terminal N1 atom: (i) the electrons residue 2s and 2p
shells, the occupation numbers of 2p shell decrease and those
of 2s shell increase with increasing actinide atomic number; (ii)

Figure 2. Energy levels of alpha-spin MOs between actinide and
terminal nitrogen atom (N1) in (a) anionic and (b) neutral L-An-N
species. The red and black lines denote the energy levels of σ and π
MOs, respectively. The isosurface value of the MOs is set to be 0.03
au.

Figure 3. Natural charges on the actinide and nitrogen atoms in (a) anionic and (b) neutral L-An-N species.

Table 3. Natural Electronic Configurations of Actinide and
Terminal Nitrogen Atoms (N1) in Neutral and Anionic L-
An-N Species

species An N1

Pa(−1,1)a [Rn]7s0.195f1.536d0.557p0.028s0.01 [He]2s1.912p4.443d0.03

U(−1,2) [Rn]7s0.215f2.916d0.497p0.028s0.01 [He]2s1.902p4.253d0.02

Np(−1,3) [Rn]7s0.195f4.166d0.447p0.028s0.01 [He]2s1.912p4.093d0.02

Pu(−1,4) [Rn]7s0.195f5.326d0.387p0.028s0.01 [He]2s1.922p3.953d0.01

U(0,1) [Rn]7s0.175f2.776d0.507p0.028s0.01 [He]2s1.902p4.053d0.03

Np(0,2) [Rn]7s0.175f4.256d0.467p0.028s0.01 [He]2s1.902p3.87 3d0.02

Pu(0,3) [Rn]7s0.165f5.416d0.427p 0.028s0.01 [He]2s1.902p3.773d0.01

aThe values in parentheses are the molecular charges and the most
stable spin state, respectively.
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the occupation numbers of 2p shell is less in neutral L-An-N
species than in corresponding anionic states. Additionally, the
electronic configuration of the isolated nitrogen atom is
[He]2s22p3, the occupation numbers on N 2s shell in L-An-
N species decrease about 0.1, and those on 2p shell show larger
increase in the range of 1.0−1.5. These results suggest that the
redundant electrons on N 2p shell come from the N 2s shell
and related shells in the actinide atom.
Bond order is a measurement of bond multiplicities and is

related to bond strength and relative stability in similar bonding
situation. Table 4 lists the obtained Mayer bonds orders of the

An−N bond in neutral and anionic L-An-N species at the
BP86/TZP level of theory. It is clearly seen that the An−N1
bond order decreases with increasing atomic number for
neutral and anionic L-An-N species except for the anionic L-
Np-N compound. Furthermore, the bond orders of An−N1 are
over 2.85, suggesting that the An−N1 bonds have obvious
triple bond character. The bond orders of An−N5 in all L-An-
N compounds range from 0.28 to 0.40, which shows that the
An−N5 bond possesses minor covalent character and the
electrostatic interactions play a dominant role. As for three An−
Nimido bonds, the values are in the range of 0.60−0.66 and
0.85−0.90 for anionic and neutral L-An-N species, respectively.
This denotes that the three An−Nimido bonds are single bonds
and possess covalent character. In addition, the An−N1 bond
order in anionic L-An-N species is somewhat larger than that in
the corresponding neutral ones, except for L-U-N compounds.
The U−N1 bond order is 2.935 in the anionic L-U-N
compound, whereas it reaches to 2.965 in the neutral L-U-N
compound.
To obtain more bonding details on the terminal multiple

An−N1 bonds, localized NBO analysis was also performed.
The natural localized molecular orbitals of An−N1 are distinct
σ and π bonds as displayed in Figures S3−S4, Supporting
Information. The calculated compositions of An−N1 bonds
and the contribution of each atomic orbital for neutral and
anionic species are listed in Tables S3−S5, Supporting
Information. In order to clearly compare the trend of actinide
participation in bonding, Figure 4 provides the percentage of
actinide atoms in terminal multiple An−N1 bonds. It is
important to point out that the actinide percentage in terminal
An-N1 bonds increase with increasing actinide atomic number
in neutral and anionic L-An-N species. Taking anionic L-Pa-N
and L-Pu-N compounds as examples, the Pa−N1 π bonds
contain about 21% Pa and 79% N character, while the Pu−N1
π bonds contain about 42% Pu and 58% N character.
Furthermore, the percentage of actinide in An−N1 π bond is
somewhat larger in neutral L-An-N species compared to the
corresponding values in anionic ones. In addition, these π
orbitals mainly originate from actinide 6d and 5f orbitals (5fϕ

atomic orbital) and N1 2p orbital. As shown in Figure 5, the
bonding contribution from 5f orbital increases and that from

the 6d orbital decreases when An changes from Pa to Pu.
Taking π orbitals in anionic L-U-N and L-Pu-N species as an
example, the 5f orbital component is about 73% for U and
increases to about 88% for Pu. These results suggest that the
actinide percentage as well as their 5f orbital contribution to the
An−N1 multiple bonding both increase with increasing actinide
atomic number, which is in good agreement with their
electronic configuration results. As for the An-N1 σ orbital,
the N1 is composed of 2p orbital as well as a little bit of 2s
orbital. The actinide atom is composed of all the 7s, 6p, 6d, and
5f (5fσ atomic orbital) contributions. As provided in Table S3,
Supporting Information, the U−N1 σ orbital in neutral
complex contains about 69% N1 and 31% U character. The
N component includes 7% 2s and 92% 2p orbitals, and the U
component is composed of 2% 7s, 3% 6p, 49% 6d, and 46% 5f
orbitals. These results give a hint that the contributions of the
5f orbital for forming terminal multiple An−N1 bond increase
with increasing actinide atomic number.

3.4. Topological Analysis. The topological analysis of the
electron density of the An−N1 bond has also been performed
by employing QTAIM with ADF and Multiwfn code,
respectively. This method has been used for actinide
compounds and could provide good trends with the strength
of chemical bonds.27,33,55,56 A bond critical point (BCP) is the
(3, −1) saddle point on electron density [ρ(r)] curvature being
a minimum in the direction of the atomic interaction line and a
maximum in the two directions perpendicular to it.57 Within

Table 4. Mayer Bond Order of An−N Bonds in Neutral and
Anionic L-An-N Species

species An−N1 An−N2 An−N3 An−N4 An−N5

Pa(−1,1) 2.943 0.659 0.634 0.651 0.276
U(−1,2) 2.935 0.654 0.628 0.638 0.302
Np(−1,3) 2.948 0.654 0.642 0.628 0.354
Pu(−1,4) 2.895 0.633 0.626 0.600 0.331
U(0,1) 2.965 0.877 0.863 0.866 0.397
Np(0,2) 2.935 0.887 0.881 0.899 0.385
Pu(0,3) 2.845 0.875 0.848 0.877 0.308

Figure 4. Average percentage of actinide atom in the terminal multiple
An−N1 bond for the neutral and anionic L-An-N species.

Figure 5. Average contributions of actinide 5f and 6d orbitals to two π
orbitals of an An−N bond in the anionic L-An-N species.
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QTAIM, a chemical bond is defined by the presence of a line of
maximum ρ(r) along a bond path between two atoms and BCP.
Therefore, the topological analysis of electron density could
provide valuable information about the properties of the
bond.58,59

Here, we focused on the ρ(r), its Laplacian [∇2ρ(r)] and the
total electronic energy density [H(r)] (the sum of the kinetic
and potential energy densities) at the An-N1 BCP in Table 5.

In general, the electron density at BCP ρ(r) > 0.20 au and
∇2ρ(r) < 0 describe a covalent bond, while ρ(r) < 0.10 au and
∇2ρ(r) > 0 is for an ionic bond. H(r) at the BCP is negative for
interactions with significant sharing of electrons and its
magnitude can reflect the covalence of the bonding
interaction.60 There have been several previous works reports
on covalency in actinide compounds using QTAIM topological
analysis. For example, Tassell et al. reported that very little
covalency exists in An−Cp bonding of AnCp4 (Cp = η5-C5H5,
An = Th-Cm) compounds with QTAIM topological anal-
ysis.33,61 Very recently, the covalency of An−C bond in a series
of actinocenes (An = Th-Cm) has been studied with topological
analysis of electron density via the QTAIM approach.35 Their
result show that the values of ρ(r) at actinide-carbon BCP are
about 0.04 a.u corresponding to a positive Laplacian, which
indicates that the ionic interaction predominate the actinide-
carbon bonds. In recent work of Minasian et al., the new
evidence for 5f covalency in thorocene and uranocene was first
determined from carbon K-edge X-ray absorption spectra.62

Both the experimental and theoretical results showed that the
covalency does not increase uniformly for different molecular
orbital interactions with later actinides.62 In this work, the
calculated ρ(r) at An-N1 BCP has been obtained using ADF
and Multiwfn programs. As shown in Table 5, ρ(r) with ADF
program are only about 0.005 au smaller than the
corresponding values from Multiwfn program, and the trend
of ρ(r) with the two programs has strong similarity. For all L-
An-N species, the ρ(r) at An-N1 BCP are over 0.29 au and
∇2ρ(r) are negative, which show that the terminal An−N1
multiple bond possesses covalent character. The negative H(r)
at An-N1 BCP also indicates that the terminal An−N1 multiple
bond exhibits more covalent interaction. Moreover, the
magnitude of H(r) at An−N1 BCP decreases from U to Pu
for neutral and anionic species, which reflects that the covalent
interaction between actinide and nitrogen atom decreases. In
addition, the H(r) at An-N1 BCP in neutral L-An-N species is
larger than that in the corresponding anionic compounds. This
result suggests that the terminal multiple An-N1 appear to be

more covalent for neutral L-An-N species than the correspond-
ing anionic ones.
According to the topological and NBO analyses, the

proportion of covalent character in the terminal An−N1
bond decreases from An = U to Pu. The contribution of 5f
orbital increases and that of 6d orbital decreases in participating
in the terminal An−N1 bond with increasing atomic number. It
is worthwhile to point out that the contributions of 6d orbital
to covalency are larger in magnitude than 5f orbital. In addition,
the contribution of 5f orbital is mainly ϕ-type orbital, and
therefore, the covalency decreases for 5fϕ orbital across the
actinide series.

3.5. Electron Affinity. The electron affinity (EA) of a
neutral molecule is the binding energy of an electron to the
neutral molecule. EA is calculated by the difference of the total
electronic energies (E) between neutral molecule and their
anionic forms. Thus, the EA is defined as

= −E EEA neutral anion (3)

Here we calculated the adiabatic EA; that is, the total electronic
energies come from their optimized geometries.
Table 6 shows that the predicted adiabatic EA values of the

neutral L-An-N species are all positive, which indicates that the

neutral L-An-N species are less stable compared to their anionic
analogues in the gas phase. Though the neutral L-U-N
compound has been experimentally isolated, it easily converts
into new complex especially at the condition of sunlight
irradiation.15 Our predicted EA of neutral L-U-N compound is
in good agreement with the experimental results.15

4. CONCLUSIONS
In summary, the ground state geometric and electronic
structures of a series of L-An-N (An = Pa−Pu) species were
investigated using the scalar relativistic DFT method. The BP86
functional was confirmed to be a more reliable method to deal
with geometries and harmonic vibrational frequencies of L-An-
N species by comparison with experimental data. The bond
lengths of the terminal An−N1 multiple bonds gradually
decrease from An = Pa to Pu, in accord with the actinide
contraction. The terminal multiple An−N1 bonds contain one
σ and two π molecular orbitals, and their energy levels decrease
from An = Pa to Pu. The Mayer bond orders of terminal An−
N1 bond decrease across the actinide series, indicating that the
strength of An−N1 bond becomes weaker with increasing
atomic number. The electronic configurations and the NBO
analysis show that the electrons mostly occupy 5f shell for
actinide atoms, and the population occupancies and contribu-
tions of 5f orbital gradually grow for the terminal An−N1
bonds from An = Pa to Pu. By contrast, the contributions of the
6d orbital to the multiple An−N1 bonds were found decrease
across the actinide series. The topological analysis of the
electron density shows that the terminal An−N1 multiple bond
exhibits more covalent interaction. Moreover, the magnitude of
H(r) at An-N1 BCP reflects that the covalent interaction
between actinide and the terminal nitrogen atom decreases
from An = U to Pu. That is to say, the 6d orbital contributes to

Table 5. Electron Density [ρ(r), au], Its Laplacian [∇2ρ(r),
au], and the Total Electronic Energy Density [H(r), au] at
Terminal An−N1 Bond Critical Point in L-An-N Species

species ρ(r)a ∇2ρ(r)a ρ(r)b H(r)b

Pa(−1,1) 0.294 −0.014 0.300 −0.286
U(−1,2) 0.304 −0.010 0.309 −0.291
Np(−1,3) 0.305 −0.013 0.310 −0.284
Pu(−1,4) 0.295 −0.019 0.298 −0.260
U(0,1) 0.325 −0.018 0.332 −0.329
Np(0,2) 0.325 −0.012 0.331 −0.319
Pu(0,3) 0.316 −0.017 0.321 −0.297

aThe values obtained with ADF program. bThe values obtained with
Multiwfn program.

Table 6. Adiabatic EA (eV) of Neutral L-An-N Species at the
BP86 Level of Theory

species L-U-N L-Np-N L-Pu-N

EA 1.104 1.635 2.054
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covalency to a larger extent than the 5f orbital. In addition,
electron affinities of all neutral L-An-N species are positive,
revealing that the neural states are unstable in the gas phase.
This work might help to understand the electronic structure
characteristics of actinide compounds and establish a more
detailed understanding of electronic structure changes and basic
bonding trends across the actinide series. Furthermore, this
work could shed light on the potential implications for actinides
including nuclear fuel cycle applications and environmental
remediation.
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