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ABSTRACT: There is recent interest in organometallic complexes of the trans-uranium elements. 

However, preparation and characterization of such complexes are hampered by radioactivity and chemo-

toxicity issues as well as the air-sensitive and poorly understood behavior of existing compounds. As 

such, there are no examples of small molecule activation via redox reactivity of organometallic trans-

uranium complexes. This contrasts with the situation for uranium. Indeed, a multimetallic uranium (III) 

nitride complex was recently synthesized, characterized and shown to be able to capture and functionalize 

molecular nitrogen (N2) through a four-electron reduction process, N2 → N2
4-. The bis-uranium nitride, 

U-N-U core of this complex is held in a potassium siloxide framework. Importantly, the N2
4- product 

could be further functionalized to yield ammonia (NH3) and other desirable species. Using the U-N-U 

potassium siloxide complex, K3U-N-U, and its cesium analogue, Cs3U-N-U, as starting points, we use 

scalar-relativistic and spin-orbit coupled density functional theory (DFT) calculations to shed light into 

the energetics and mechanism for N2 capture and functionalization. The N2 → N2
4- reactivity depends on 

the redox potentials of the U(III) centers and crucially on the stability of the starting complex with respect 

to decomposition into the mixed oxidation U(IV)/U(III) K2U-N-U or Cs2U-N-U species. For the trans-

uranium, Np and Pu analogues of K3U-N-U, the N2 → N2
4- process is endoergic and would not occur. 

Interestingly, modification of the Np-O and Pu-O bonds between the actinide cores and the coordinated 

siloxide framework to Np-NH, Pu-NH, Np-CH2 and Pu-CH2 bonds drastically improves the reaction free 

energies. The Np-NH species are stable and can reductively capture and reduce N2 to N2
4-. This is 

supported by analysis of the spin densities, molecular structure, long-range dispersion effects as well as 

spin-orbit coupling effects. These findings chart a path for achieving small-molecule activation with 

organometallic neptunium analogues of existing uranium complexes.  



1. INTRODUCTION 

Nitrogen in chemically accessible forms is very important in agriculture and the chemical industry. 

Nitrogen is abundant in the atmosphere as dinitrogen, N2. N2 is however very stable and chemically 

unreactive because of its high binding energy, high ionization potential and negative electron affinity.1,2 

Nitrogenase enzymes in some microbes can activate and reduce N2 to accessible forms under ambient 

conditions. The biological fixation of N2 to ammonia, NH3, is however not sufficient to support the ever-

growing global population. As such, there has long been interest in understanding the detailed mechanism 

of the biological N2 fixation process and in the development of synthetic, industrially viable and catalytic 

approaches for converting N2 to NH3.
1-8 The Haber-Bosch process is an industrial approach for achieving 

this conversion.9 This process employs a heterogenous iron catalyst, albeit under very harsh conditions 

of high temperatures and pressures. The requirements of the Haber-Bosch process are so high that it 

consumes about 1% of the global energy supply.10 Early attempts at developing well-characterized 

transition metal complexes that can reduce nitrogen under ambient conditions focused on Mo and W 

species, culminating in various discoveries.3,6,11-16 There have also been many reports describing the 

activation and subsequent one-, two- and three-electron reduction of N2 by lanthanide complexes.17-25 In 

many cases the binding of N2 by lanthanide complexes is coupled to a II/III oxidation state redox couple 

of the 4f metal site and an external electron source. Interestingly, many of the lanthanide species that 

have been reported are multimetallic species, containing 2-4 lanthanide atoms.22,23,25 Due to these 

developments, it is now recognized that many transition metal and lanthanide complexes can bind and 

reduce N2.
6,8,10,11,19 However, transformation of the reduced species to intermediates containing N-H and 

N-C bonds remains a significant challenge.26  

Prior to the development and commercialization of the Haber-Bosch process, it was known that uranium 

and uranium nitride were most effective for producing NH3 from N2.
26,27 There are however few uranium 

complexes in the +3 oxidation state, U(III), capable of binding and reducing N2. Recently, Falcone et al. 

reported a multimetallic U(III) nitride complex, Figure 1, able to bind and direct the 4-electron reduction 

of N2 (N2 → N2
4-).26 The active site in this complex is a bis-uranium nitride core, U-N-U, encased within 

a potassium siloxide framework. The potassium siloxide framework provides an ideal conformation and 

sufficient flexibility to accommodate the binding and reduction of N2. In the 4-electron reduction process, 

the two U(III) centers are oxidized to the +5 oxidation state, forming an intermediate U(V)/U(V) U-

(N)(N2)-U complex, Figure 1. Falcone et al. discovered that addition of protons to U-(N)(N2)-U generates 

stoichiometric amounts of NH3. Likewise, addition of CO led to the formation of N-C bonds, providing 



a route to the development of organonitrogen species.26 This report is in line with several others showing 

the utility of U(III) for small molecule activation.26,28-36    

 

Figure 1: Structure of the (A) U-N-U core and (B) U-N(N2)-U cores encased in the potassium siloxide 

framework. We use wireframes to allow for better visibility of the actinide nitride cores of these 

complexes in (C) and (D), respectively. In all cases, the H, C, N, O, P and U are atoms are depicted with 

white, grey, blue, red, purple and green spheres, respectively.  

Our interests lie in exploring the differences between uranium chemistry and the chemistry of the trans-

uranium elements. To illustrate, there is no report on the ability of trivalent neptunium, Np(III), 

complexes to effect redox reactivity for small molecule activation. A possible reason is the paucity of 

suitable radiological laboratories for trans-uranic chemical investigations.37 Beyond uranium, the 



elements become more chemotoxic and in many cases, more radioactive. Thus, experimental setups for 

trans-uranium chemistry are more complicated, often requiring significant radioprotection to avoid 

exposure to radioactive materials. There is however some progress in the development of laboratories 

and instrumentation suitable for the synthesis and characterization of trans-uranic species. It will 

therefore possible that Np(III) complexes that are useful for small molecule activation will be developed 

in the future. Insights from experimental and theoretical investigations will facilitate the development of 

ligand frameworks able to drive changes in the formal oxidation states of Np during small molecule 

activation. Theoretical quantum mechanical calculations can be used to compare the electronic structure 

and chemical properties of U(III) systems to those of their Np(III) analogues in order to shed light on any 

differences between small molecule activation by these species. These calculations could also provide 

insights into ligand modifications useful for altering the redox reactivity of the Np complexes. This is 

important as organometallic Np complexes are relatively rare.  

In this work, we have used quantum mechanical computations to examine the structural, electronic and 

chemical properties of the bimetallic U-N-U complex implicated in N2 binding and reduction by Falcone 

et al.26 We compare the properties of this U(III) system to those of its Np and Pu analogues, Scheme 1. 

The Pu species have been included to allow for detailed comparison of the trends in the behaviors of the 

early actinides. We focus on the energetics associated with the binding and reduction of N2 as given in 

Scheme 1. By comparing the redox reactivity for U(III) to those of Np(III) and Pu(III), we aim to unravel 

differences in the properties of these actinide species. We also examine the effects of modifying the 

ligand environment around the actinide centers by replacing the coordinated oxo groups of the siloxide 

framework with NH and CH2 moieties. We examine whether alteration of the ligands can drive redox 

small-molecule reactivity in the Np(III) and Pu(III) systems. 

 

Scheme 1: Binding and reduction of N2 by the U-N-U core encased in a potassium siloxide (oxo-silyl) 

core. We are interested in the reactivity of analogous Np and Pu complexes as well as situations where 

the oxo groups bound to the actinide centers are replaced by NH or CH2 groups.  



2. COMPUTATIONAL DETAILS 

Geometry optimizations and vibrational frequency analyses were carried out in the gas phase with all-

electron (AE) basis sets at the scalar relativistic level while employing the Priroda code.38-40 The 

experiments of Falcone et al. were performed by exposing the crystalline materials directly to N2 gas.26  

We used the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) density 

functional in these calculations.41 GGA functionals can mimic the effects of static electron correlation 

energy although in an unspecified manner.42 The PBE functional is within 3-4 kcal/mol of complete 

active space second-order perturbation theory (CASPT2) and coupled-cluster theory, CCSD(T) and 

CCSDT, when used to compute the energies associated with redox reactions involving several actinide 

species, Tables S3, S4 and S5 of the Supporting Information.   

We used AE basis sets labelled here as L1 and of double-ζ-polarized quality for the large component and 

corresponding kinetically balanced basis sets for the small components. Specifically, the actinide atoms 

were described with 34s33p24d18f6g contracted to 10s9p7d4f1g while the second-row elements were 

described with 10s7p3d contracted to 3s2p1d. The silicon and hydrogen atoms were described with 

15s11p3d (contracted to 4s3p1d) and 6s2p (contracted to 2s1p), respectively.38 The scalar-relativistic 

approach that we have employed is based on the full Dirac equation but with spin-orbit terms projected 

out and neglected. The details of this approach have been previously described.43 The positions of all the 

atoms were relaxed during the geometry optimizations and no symmetry constraints were imposed. In 

order to provide insights into the N2 reduction process, the electronic structures of the actinide complexes 

were analyzed with Mayer bond orders,44 Mulliken atomic charges and spins45 and inspection of the 

frontier orbitals. Tests on truncated versions of the complexes show that the Mulliken spins calculated at 

the PBE/L1 level are close to the Hirshfeld charges46 and yield similar number of electrons associated 

with the N2 → N2
4- transformation, see Table S2 of Supporting Information. The change in electronic 

energies, ∆𝐸, and free energies, ∆𝐺, associated with the N2 → N2
4- process, Scheme 1, are described with 

I and II respectively. On the reactant side (An-N-An), we consider the N2 molecule and the actinide 

complex as being infinitely separated. The actinide atoms are depicted as “An” while the products, 

Scheme 1, are depicted as An-(N)(N2)-An in I and II. 

∆𝐸𝑠𝑐𝑎𝑙𝑎𝑟  = 𝐸An−(N)(N2)−An − 𝐸An−N−An − 𝐸N2
                          (𝐈) 

∆𝐺𝑠𝑐𝑎𝑙𝑎𝑟  = 𝐺An−(N)(N2)−An − 𝐺An−N−An − 𝐺N2
                           (𝐈𝐈) 

The contributions of dispersion effects to the reaction energy were estimated with the DFT-D3 scheme 

of Grimme et al.47,48 while using the Becke-Johnson damping scheme to avoid divergence of dispersion 



energy at small inter-atomic distances49, DFT-D3(BJ). These corrections to ∆𝐺𝑠𝑐𝑎𝑙𝑎𝑟 were incorporated 

according to III. We used the DFT-D3 calculator implemented in the Gaussian 16 code50 with PBE, PBE-

D3BJ. The optimized geometries from Priroda were used in these calculations.  

∆𝐺𝑠𝑐𝑎𝑙𝑎𝑟−𝑑𝑖𝑠𝑝  =  ∆𝐺𝑠𝑐𝑎𝑙𝑎𝑟 +  ∆𝐸𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦                    (𝐈𝐈𝐈) 

In all these calculations, we considered only the low- and high-spin states for the complexes. In general, 

these states correspond to the broken-symmetry singlet and ferromagnetic arrangement of the 5f 

electrons. The broken-symmetry singlet state corresponds to an open-shell singlet state with the spin of 

a local site flipped from the high-spin state to allow for antiferromagnetic coupling of the actinide centers. 

A quick check showed that intermediate spin states are higher in energy. The high-spin states of the 

U(III)/U(III), Np(III)/Np(III) and Pu(III)/Pu(III) complexes are septet, nonet and undecet, respectively, 

while those of the oxidized U(V)/U(V), Np(V)/Np(V) and Pu(V)/Pu(V) species are triplet, quintet and 

septet, respectively.  

To estimate the effects of spin-orbit coupling on the reaction energies, we have chosen to truncate the 

bulky actinide complexes to the central bis-actinide nitride, An-N-An (where An = U, Np and Pu) and 

An-(N)(N2)-An cores, Scheme 1. To imitate the charge distributions in the bulky complexes, we have 

included the immediate ligand atom(s) coordinated to the actinide sites (O, NH or CH2) and then balanced 

the charges by adding protons. The positions of the capping protons were optimized at the B3LYP-

D3BJ/def2-TZVPP level47-49,51-53 while keeping all other atoms in positions obtained from optimization 

of the full molecules in Priroda.38-40 The actinide centers were described with Stuttgart small-core 

effective core potentials and associated valence basis sets. We used two approaches to include spin-orbit 

coupling effects within the scope of DFT. In the first, we used the NWChem54 suite of programs while 

describing all atoms with CRENBL (Christiansen, Ross, Ermler, Nash, Bursten, and Large-valence-

shape-consistent) relativistic effective core potentials (ECP).55-58 We performed calculations with and 

without spin-orbit operators on all atoms.55 The DFT and spin-orbit DFT, SODFT, calculations were 

carried out with the B3LYP density functional.59 The SODFT approach is expected to be moderately 

accurate for the reaction energies.59-61 It is computationally efficient and was used for all the N2 → N2
4- 

processes that we examined. The spin-orbit coupling effects were used to correct III thus: 

∆𝐺𝑠𝑝𝑖𝑛−𝑜𝑟𝑏𝑖𝑡  =  ∆𝐺𝑠𝑐𝑎𝑙𝑎𝑟−𝑑𝑖𝑠𝑝 + ∆𝐸𝑠𝑝𝑖𝑛−𝑜𝑟𝑏𝑖𝑡 𝑤𝑖𝑡ℎ 𝐵3𝐿𝑌𝑃 − ∆𝐸𝑠𝑐𝑎𝑙𝑎𝑟−𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑖𝑠𝑡𝑖𝑐 𝑤𝑖𝑡ℎ 𝐵3𝐿𝑌𝑃           (𝐈𝐕) 

In the second approach, we carried out scalar-relativistic and spin-orbit calculations with the ADF code62-

64 while utilizing the zero-order regular approximation (ZORA)65 and slater-type triple-ζ double-

polarized (TZ2P) orbitals on all atoms.66-68 These calculations were performed on the U complexes only 



and were used to estimate the reliability of the ECP approach. The 1s-4f orbitals of the U atoms as well 

as 1s orbitals of the N and O atoms were regarded as core orbitals and were kept frozen. We used the 

PBE functional for these calculations.  

 

3. RESULTS AND DISCUSSION 

3.1. Structural and Electronic Properties of the U(III) and U(V) Complexes: In Table 1, we compare 

the X-ray crystallographic and DFT-optimized structural parameters of the broken symmetry and high-

spin states of the U-N-U and U-(N)(N2)-U potassium siloxide complexes. For the U-N-U potassium  

Table 1: Average values of the calculated structural parameters of the bis-actinide U-N-U and U-(N)(N2)-

U complexes with a potassium siloxide framework are compared to available experimental data.26 The 

bond distances are given in Å while the bond angles are given in °.The average bond orders for selected 

bonds are given in parenthesis. We used average values as the molecules are not completely symmetric. 

 K3U-N-U K3U-(N)(N2)-U  

 Singlet Septet Expt. Singlet Triplet Expt. 

U-Ncenter 2.107 (1.61) 2.115 (1.61) 2.120 2.109 (1.59) 2.112 (1.46) 2.071 

U-Ndinitrogen    2.215 (1.06) 2.213 (1.04) 2.163-2.311 

U-U 4.199 4.223 4.234 3.346 (0.71) 3.341 (0.73) 3.305 

U-O 2.261 (0.74) 2.261 (0.74) 2.288 2.271 (0.75) 2.271 (0.74) 2.229 

K-O 2.867 2.872 2.819 2.658-3.642 2.611-3.812 2.535-3.282 

N-Ndinitrogen    1.490 (0.96) 1.493 (0.93) 1.521 

U-Ncenter-U 170.5 174.5 173.7 105.0 104.6 105.9 

U-Ndinitrogen-U    97.9 & 98.3 97.8 & 98.2 93.3-97.8 

siloxide complex, K3U-N-U, the high-spin septet state provides structural parameters in better agreement 

with the experimental data than the broken-symmetry singlet state.26 This is interesting as we found the 

singlet and septet states to be nearly iso-energetic, based on the calculated electronic energies. The energy 

difference between these states is about 1.2 kcal/mol at the PBE level. With dispersion effects, the energy 

difference is around 1 kcal/mol. For the bonds around the U-N-U core, the optimized structure of the 

septet state are within 0.02 Å (for bond lengths) and 0.8°(for the U-N-U bond angle) of the experiment.26 

The distances between the oxygen atoms of the siloxide framework and the potassium centers are over-

estimated by DFT, by about 0.05 Å. This is likely because our geometry optimizations did not account 

for long-range dispersion effects. However, an error of 0.05 Å corresponds to only about 1.8 % of the 



experimental bond lengths.26 The accuracy of the geometrical parameters obtained for the K3U-N-U 

complex gives us confidence regarding our theoretical model. The central nitride atom of K3U-N-U is 

labeled as Ncenter in Table 1. 

Similar to the case for K3U-N-U, the bond lengths near the bis-uranium core of K3U-(N)(N2)-U are within 

0.05 Å of the experimental data while the bond angles are within 1-5° of the experiment. Comparison of 

the optimized and experimental structures of the K3U-N-U and K3U-(N)(N2)-U complexes indicate that 

binding of N2 is associated with significant opening of the siloxide framework, Figure 1.26 It seems crucial 

that the framework is sufficiently flexible to accommodate the collapse of the U-Ncenter-U bond angle 

from about 173° to around 106°, Table 1. The average K-O distances also become significantly elongated 

after N2 capture. This is adequately reproduced in our optimized geometries. The atoms of the captured 

N2 moiety of K3U-(N)(N2)-U are labeled as Ndinitrogen in Table 1. 

At the PBE/L1 scalar-relativistic level, the Mayer bond order44 of gaseous N2 is 3.02. This is indicative 

of a triple bond. In K3U-(N)(N2)-U, the bond order between the atoms of the bound N2 moiety is 0.96 

(single bond), illustrating the loss of two bonds, Table 1. There are however now four bonds between the 

U centers and the atoms of the captured N2, Scheme 1. These U-N bonds have bond orders of about 1.06. 

It therefore appears that N2 capture is associated with lysis of two bonds in N2 and the simultaneous 

formation of four U-N bonds. This is indicative of the transfer of four electrons from the U atoms to N2, 

a fact confirmed by examining the spin densities of the U atoms. For the broken-symmetry singlet states, 

the U spin densities are 3.25 and -3.24 for K3U-N-U, confirming their 5f3 or U(III) characters. In contrast, 

the U spin densities are -1.20 and 1.21 in K3U-(N)(N2)-U, confirming their 5f1 or U(V) character. For the 

high-spin states, K3U-N-U has spin densities of 3.06 and 3.00 on the U centers while they are reduced to 

1.17 and 1.18 in K3U-(N)(N2)-U. Interestingly, the collapse of the U-Ncenter-U bond angle during the N2 

→ N2
4- process is associated with the formation of a near-single-bond between the U(V) centers of K3U-

(N)(N2)-U. A bond order of 0.71 is associated with the U-U distance of this complex, Table 1.  

One of the factors that determine whether K3U-N-U can bind and reduce N2 is the redox potentials of the 

U(III) sites. This can be studied in a qualitative manner by comparing the eigenvalues of the frontier 

orbitals of this complex to those of gaseous N2. In Figure 2, we show that the π* orbitals of unbound N2 

are 1.58 eV below the vacuum level. Interestingly, we find that four out of the six U 5f electrons of K3U-

N-U are -1.42 to -1.46 eV below the vacuum level in the ground singlet state (and -1.38 to -1.44 eV for 

the septet state). As such, there is no ‘barrier’ to the transfer of these four electrons to the π* orbitals of 

N2, in so far as N2 can approach the U-N-U core. As the U-N-U moiety is embedded deeply in the siloxide 



framework, Figure 1A, it is reasonable to expect that capture and reduction of N2 will be associated with 

opening of the framework. Thus, framework flexibility is crucial. That said, it is also important that the 

interactions between the U-N-U core and the siloxide framework is strong. Situations with relatively 

weak interactions between the U-N-U core and the siloxide framework could result in complicated 

reactivity associated with formation of decomposition products.69  

 

Figure 2: Comparison of the eigenvalues of the frontier orbitals of N2 to those of the broken-symmetry 

singlet (red) and septet (blue) states of the U-N-U potassium siloxide complex. The eigenvalues were 

obtained at the PBE/L1 scalar-relativistic level.   

3.2. Energetics of N2 Reduction by U(III) Species: Experimentally, Falcone et al. found that while 

K3U-N-U efficiently reduces N2,
26 its cesium analogue, Cs3U-N-U, leads to less-defined reactivity due 

to the formation of decomposition products.69 The calculated reaction energies for N2 → N2
4- conversion 

by K3U-N-U is presented in Table 2. The electronic reaction energy is -51.9 kcal/mol at the PBE/L1 



level. Thermal Gibbs free energy corrections reduce the reaction energy by 20.2 kcal/mol while 

corrections for long-range dispersion interactions favor reactivity by 10.5 kcal/mol while spin-orbit 

coupling favors endoergicity by 1.0 kcal/mol respectively. The energy contributions due to spin-orbit 

coupling effects were obtained with the CRENBL spin operators approach. With all-electron basis sets 

and the ZORA Hamiltonian, the magnitude of the contributions from spin-orbit coupling remain 

relatively unchanged, 4.7 kcal/mol, also favoring endoergicity. The fact that these two approaches follow 

the same direction gives us some confidence regarding the ECP approach. In total, the four-electron 

reduction of N2 by K3U-N-U is exoergic by 41.2 kcal/mol, Table 2. Based on these thermodynamic 

considerations, we expect that K3U-N-U can facilitate the conversion of N2 to N2
4-. Interestingly, for Cs3-

U-N-U, we obtain a reaction energy of -27.0 kcal/mol, suggesting that N2 → N2
4- conversion would also 

be feasible for this system.  

Table 2: Calculated reaction energies, kcal/mol, for binding and four-electron reduction of N2 by various 

bis-actinide siloxide complexes. The impact of thermal free energy corrections, dispersion effects and 

spin-orbit coupling effects are given in parenthesis. 

 Priroda (PBE/L1) and Corrections 

 𝛥𝐸𝑠𝑐𝑎𝑙𝑎𝑟  𝛥𝐺𝑠𝑐𝑎𝑙𝑎𝑟 𝛥𝐺𝑠𝑐𝑎𝑙𝑎𝑟−𝑑𝑖𝑠𝑝 𝛥𝐺𝑠𝑝𝑖𝑛−𝑜𝑟𝑏𝑖𝑡 

K3U-N-U -51.9 -31.7 (+20.2) -42.2 (-10.5) -41.2 (+1.0) 

Cs3U-N-U -37.8 -17.4 (+20.4) -27.5 (-10.0) -27.0 (+0.5) 

K3Np-N-Np -8.1 +9.2 (+17.3) -0.5 (-9.7) -0.7 (-0.2) 

K3Pu-N-Pu +25.9 +42.4 (+16.5) +34.2 (-8.3) +32.2 (-2.0) 

Figure 3: Structure of the K2Np-N-Np complex with major parts of the siloxide framework represented 

by wireframes. Formation of this mixed oxidation state Np(III)/Np(IV) complex is shown on the right. 

The Np are atoms are dark orange spheres.  



To understand the observed differences in the reactivities of Cs3U-N-U and K3U-N-U, we considered the 

removal of an alkali metal atom from these species to form the mixed oxidation state U(III)/U(IV) Cs2U-

N-U and K2U-N-U analogues.69 This is a one-electron oxidation process, Figure 3. The Np analogue of 

K2U-N-U is also shown in Figure 3. Chatelain et al. have previously reported the synthesis of Cs2U-N-U 

siloxide complex.69 The reaction energies associated with the oxidation of Cs3U-N-U and K3U-N-U via 

loss of an alkali-metal atom are presented in Table 3. In addition to the thermal free energy, and long-

range dispersion corrections, we also accounted for agglomeration of the expunged alkali metal atoms. 

The atomization energies employed for K and Cs are 21.3 and 18.2 kcal/mol, respectively.70 We found 

that removal of a K atom from K3U-N-U is endoergic by 18.5 kcal/mol while for Cs3U-N-U, it is far 

easier to remove Cs, 6.9 kcal/mol, Table 3. These results suggest that Cs3U-N-U is more amenable for 

opening of the siloxide framework than K3U-N-U. The increased flexibility of the siloxide framework in 

Cs3U-N-U favors formation of various possible decomposition products. The capture and reduction of 

N2 no doubt requires opening of the siloxide framework. During this process, Cs3U-N-U will more easily 

decompose to Cs2U-N-U (and other species) than its K analogue. This “kinetic” explanation agrees with 

the experimental findings of Chatelain et al.69 and Falcone et al.26 As seen in Table 3, the Np and Pu 

analogues of K3U-N-U are very stable against reductive decomposition via loss of potassium. 

Table 3: Calculated reaction energies, kcal/mol, for removing an alkali metal (one-electron oxidation) 

from the Cs3U-N-U and K3U-N-U complexes to form mixed oxidation state U(III)/U(IV) Cs2U-N-U and 

K2U-N-U species. The reaction energies for the Np and Pu analogues of K3U-N-U are included. 

 ΔE 𝛥𝐺𝑠𝑐𝑎𝑙𝑎𝑟 𝛥𝐺𝑠𝑐𝑎𝑙𝑎𝑟−𝑑𝑖𝑠𝑝 𝛥𝐺𝑠𝑐𝑎𝑙𝑎𝑟−𝑑𝑖𝑠𝑝−𝑎𝑡𝑜𝑚𝑖𝑧𝑎𝑡𝑖𝑜𝑛 

K3U-N-U 30.5 44.9 (+14.4) 39.8 (-5.1) 18.5 (-21.3) 

Cs3U-N-U 16.4 31.3 (+14.9) 25.0 (-6.3) 6.9 (-18.2) 

K3Np-N-Np 44.4 46.3 (+2.0) 50.7 (+4.4) 29.5 (-21.3) 

K3Pu-N-Pu 54.1 58.9 (+4.8) 63.2 (+4.2) 41.9 (-21.3) 

3.3. Analogous Np and Pu Complexes: The calculated structural properties of K3Np-N-Np and K3Np-

(N)(N2)-Np as well as their Pu analogues are presented in Table 4. Comparison of K3Np-N-Np to K3U-

N-U, Table 1, shows that the bond distances are generally within 0.02 Å of each other. This is not 

surprising as the ionic radius of Np(III) is only about 0.015 Å smaller than that of U(III).71 For K3Pu-N-

Pu, the bond distances are within 0.03 Å of that of U(III), agreeing with the fact that the ionic radius of 

Pu(III) is only about 0.025 Å smaller than that of U(III).71 The Mayer bond orders for these Np and Pu 

complexes are very similar to those of their U analogues, Table 1. However, the Np-N-Np (178.1°) and 



Pu-N-Pu (177.6°) bond angles in the low-spin states of K3Np-N-Np and K3Pu-N-Pu, Table 4, are much 

larger than the U-N-U angle of K3U-N-U, 170.5°, Table 1. We see a similar situation for the high-spin 

states of K3Np-N-Np and K3Pu-N-Pu. These larger angles are indicative of greater energy penalties for 

Table 4: Average values of the calculated structural parameters of K3Np-N-Np and K3Np-(N)(N2)-Np 

as well as their Pu analogues. The bond distances are given in Å while the bond angles are given in °. 

 K3Np-N-Np K3Np-(N)(N2)-Np K3Pu-N-Pu K3Pu-(N)(N2)-Pu 

 Singlet Nonet Singlet Quintet Singlet Undecet Singlet Septet 

An-Ncenter 2.110 2.113 2.100 2.097 2.115 2.103 2.126 2.103 

An-Ndinitrogen   2.245 2.223   2.479 2.287 

An-An 4.221 4.223 3.384 3.358 4.230 4.206 4.212 3.423 

An-O 2.263 2.263 2.259 2.262 2.271 2.272 2.281 2.261 

K-O 2.860 2.858 2.660-3.785 2.656-3.790 2.851 2.843 2.784-3.205 2.659-3.842 

N-Ndinitrogen   1.402 1.434   1.124 1.341 

An-Ncenter-An 178.1 176.1 107.4 106.4 177.6 178.9 164.5 109.0 

An-Ndinitrogen-An   97.8 98.1    96.9 

compressing the bis-actinide cores during N2 capture, Scheme 1. This is also supportive of the fact that 

the interactions with the siloxide framework are stronger in K3Np-N-Np and K3Pu-N-Pu, Table 3. 

Examination of the frontier orbitals of the low-spin Np and Pu complexes show that their singly-occupied 

5f orbitals (eigenvalues of -1.8 to -2.3 eV for Np and -2.1 to -2.7 eV for Pu) are all more stable than the 

π* orbitals of unbound N2, Figure 4. For the Pu complex, the energy gaps between the N2 π* orbitals and 

the lowest singly occupied molecular orbital (SOMO) is around 0.53 eV. We contrast this with 0.23 eV 

for the Np complex, Figure 4, and -0.18 eV for U, Figure 2. It thus appears that the ionization potentials 

of the Np and Pu 5f orbitals are far larger than the electron affinity of N2, suggesting the existence of 

additional energy penalties against N2 reduction by these species. Stabilization of the singly occupied 5f 

orbitals from U to Np and Pu is consistent with the increased atomic nuclear charges. 

Comparison of the atomic spin densities of K3Np-N-Np with those of K3Np-(N)(N2)-Np confirms that 

the captured N2 moiety is reduced to N2
4-. We re-iterate that this N2 → N2

4- transformation will however 

not occur due to the endoergicity of the whole process, Table 2. For the low-spin ground state of K3Np-

N-Np, the excess spin densities on the Np atoms are 3.89 and -3.90, confirming their 5f4 or Np(III) 

characters. After N2 capture, the spin densities are lowered to 2.38 and -2.37, respectively, indicating that  



5f4 → 5f2 transformation of each Np is coupled to N2 → N2
4- reduction. For the analogous Pu complex, 

the spin densities indicate K3Pu-N-Pu has 5f5 or Pu(III) centers, both in the high-spin undecet and low-

spin singlet states. Interestingly, we found that the spin densities on the Pu centers remain around 5.0 

(5f5) after the optimization of the low-spin state of the K3Pu-(N)(N2)-Pu complex. Indeed, the N2 moiety 

is not fully captured by the bis-actinide core in this complex, affording a structural arrangement different 

from those of the Np and U analogues, see Supporting Information. In contrast, for the high spin of K3Pu-

(N)(N2)-Pu, the Pu centers have spin densities around 3.5-3.7. This suggests that N2 is not fully reduced 

to N2
4- by both the high-spin and low-spin states of K3Pu-N-Pu. These findings are fully consistent with 

the large energy gap between the 5f SOMOs of K3Pu-N-Pu and the N2 π* orbitals, Figure 4. The bond 

lengths of the captured N2 are 1.341 and 1.124 Å in the high- and low-spin states of K3Pu-(N)(N2)-Pu,   

 

Figure 4: Comparison of the eigenvalues of the frontier orbitals of N2 to those of the broken-symmetry 

singlet states of K3Np-N-Np and K3Pu-N-Pu. The eigenvalues were obtained at the PBE/L1 scalar-

relativistic level.   



respectively, Table 5. These are shorter than 1.490-1.493 Å and 1.400-1.434 Å for the analogous U and 

Np species, respectively, Tables 1 and 5. For comparison, the calculated bond length of unbound N2 is 

1.103 Å, in good agreement with the experimental value of 1.098 Å.72  

The reaction energy of N2 → N2
4- conversion by the K3Np-N-Np and K3Pu-N-Pu complexes are shown 

in Table 2. In contrast to K3U-N-U, capture and four-electron reduction of N2 is endoergic for these 

species. As such, we conclude that these species cannot reduce N2 to N2
4-. Interestingly, the exoergicity 

of the N2 → N2
4- process follows the trend U > Np > Pu. This concurs with the trend in the N-N bond 

distances after N2 capture, Tables 1 and 5, as well as the energies of the frontier orbitals of the bis-actinide 

nitride complexes, Figures 2 and 4. 

3.4. Tuning Redox Reactivity with Ligands: The homoleptic organometallic alkyl complex, 

Np[CH(SiMe3)2]3, has been suggested as a candidate for effecting small molecule activation.37 Thus, we 

investigate whether modification of the ligand environments around the bis-actinide cores of K3Np-N-

Np and K3Pu-N-Pu can alter the energetics of N2 → N2
4- conversion. To imitate the situation in 

Np[CH(SiMe3)2]3, we replace the Np-O and Pu-O bonds between the actinide centers and the siloxide 

framework with Np-NH, Pu-NH, Np-CH2 and Pu-CH2 groups. The optimized structures of K3Np-N-

Np[NH] and K3Np-(N)(N2)-Np[NH] as well as their Np-CH2 analogues are shown in Figure 5. The 

calculated structural properties of the broken-symmetry singlet states of these complexes are given in 

Table 5. The Np-NH and Np-CH2 bonds of K3Np-N-Np[NH] and K3Np-N-Np[CH2] are longer than the 

Np-O distances of K3Np-N-Np. Similarly, the K-NH and K-CH2 bond distances are larger than the K-O 

distances of K3Np-N-Np. These trends would suggest that the framework is more amenable to opening 

and closing in K3Np-N-Np[NH] and K3Np-N-Np[CH2]. This will make it easier to deform the bis-

actinide cores of these complexes during N2 → N2
4-. These are confirmed by noting that the Np-Np bond 

lengths are shorter for K3Np-(N)(N2)-Np[NH], 3.329 Å, and K3Np-(N)(N2)-Np[CH2], 3.291 Å than for 

K3Np-N-Np, 3.384 Å, Tables 5 and 6. Also, the N-N bonds of the captured N2 increases from 1.402 Å to 

1.451 Å and 1.472 Å as the Np-O bonds are changed to Np-NH and Np-CH2, respectively, suggesting 

that it becomes gradually easier to reduce N2. The N-N distance of 1.472 Å in K3Np-(N)(N2)-Np[CH2] is 

already quite close to that of K3U-(N)(N2)-U, 1.490 Å in Table 1. We see similar trends for the Pu 

analogues, see Supporting Information.  

 



 

Figure 5: Structures of the K3Np-N-Np[NH] (A) and K3Np-(N)(N2)-Np[NH] (B) complexes as well as 

their Np-CH2 analogues, (C) and (D), respectively. The bis-actinide cores are shown with spheres, but 

major parts of the silyl framework are represented with wireframes for better visibility.   

Table 5: Average values of the calculated structural parameters of the K3Np-N-Np[NH] and K3Np-

(N)(N2)-Np[NH] complexes and their [CH2] analogues. The bond distances are given in Å while the bond 

angles are given in °. 

 K3Np-N-Np[NH] K3Np-(N)(N2)-Np[NH] K3Np-N-Np[CH2] K3Np-(N)(N2)-Np[CH2] 

An-Ncenter 2.125 2.089 2.104 2.081 

An-Ndinitrogen  2.220  2.194 

An-An 4.249 3.329 4.170 3.291 

An-NH/CH2 2.382 2.359 2.558 2.548 

K-O 2.762 2.810 2.774 2.795 

K-NH/CH2 2.953 2.988-4.013 3.116 3.171-4.096 

N-Ndinitrogen  1.451  1.472 

An-Ncenter-An 179.1 105.6 164.9 104.5 

An-Ndinitrogen-An  97.2  97.2 



The calculated reaction energies for N2 → N2
4- conversion by the Np-NH, Np-CH2, Pu-NH and Pu-CH2 

complexes are shown in Table 6. Comparison to the results shown in Table 2 reveals that there is a trend 

of O < NH < CH2 in the reaction energies. With K3Np-N-Np[NH] and K3Np-N-Np[CH2], we obtained 

reaction energies of about -18.6 and -29.3 kcal/mol, respectively, after accounting for scalar-relativistic 

effects, spin-orbit coupling effects, long-range dispersion interactions and thermal free energy 

corrections. These values are to be compared to -0.7 kcal/mol for K3Np-N-Np, Table 2. We conclude that 

K3Np-N-Np[NH] and K3Np-N-Np[CH2] can effect N2 → N2
4- conversion, Table 6. These results agree  

Table 6: Calculated reaction energies, kcal/mol, for binding and four-electron reduction of N2 by bis-

actinide Np and Pu complexes with modified siloxide ligand frameworks. The impact of thermal free 

energy corrections, dispersion effects and spin-orbit coupling effects are given in parenthesis. 

 Priroda (PBE/L1) and Corrections 

 𝛥𝐸𝑠𝑐𝑎𝑙𝑎𝑟 𝛥𝐺𝑠𝑐𝑎𝑙𝑎𝑟 𝛥𝐺𝑠𝑐𝑎𝑙𝑎𝑟−𝑑𝑖𝑠𝑝 𝛥𝐺𝑠𝑝𝑖𝑛−𝑜𝑟𝑏𝑖𝑡 

K3Np-N-Np[NH] -22.5 -7.8 (+14.7) -17.4 (-9.6) -18.6 (-1.2) 

K3Np-N-Np[CH2] -31.7 -20.2 (+11.5) -25.3 (-5.1) -29.3 (-4.0) 

K3Pu-N-Pu[NH] +9.4  (-3.7)  

K3Pu-N-Pu[CH2] -11.0  (-6.5) (-1.1) 

with the changes in the structural properties of the complexes, discussed above. For the analogous Pu 

complexes, the electronic reaction energy improves from +25.9 kcal/mol for K3Pu-N-Pu, Table 2, to 9.4 

kcal/mol for K3Pu-N-Pu[NH] and -11.0 kcal/mol for K3Pu-N-Pu[CH2], Table 6. Unfortunately, we were 

only able to optimize the geometries of K3Pu-(N)(N2)-Pu[NH] and K3Pu-(N)(N2)-Pu[CH2] with energy 

convergence criteria of between 1 × 10-4 and 5 × 10-5 Hartrees (0.06 – 0.03 kcal/mol). It was not possible 

to converge the energies of these structures with tighter criteria required for vibrational frequency 

analyses and estimation of the thermal free energy corrections. However, the trend towards greater 

exoergicity is clear from the electronic energies, Tables 2 and 6.  

We confirm the abilities of K3Np-N-Np[NH] and K3Np-N-Np[CH2] to capture and reduce N2 in three 

ways. First, the trend towards greater exoergicity is not unique to Np and Pu. We see a similar trend for 

U species, Figure 6. Second, the spin-densities on the Np centers are reduced from 3.9 (5f4 or Np3+) to 

2.1 (5f2 or Np5+) after N2 transformation by these species. Third, K3Np-N-Np[NH] and K3Np-N-Np[CH2] 

are stable against one-electron reduction via loss of a K atom, Table 7. While these species are not as 

stable as K3Np-N-Np, they are much better than Cs3U-N-U, Table 3. The SOMOs of K3Np-N-Np[NH] 



and K3Np-N-Np[CH2] are still below the π* orbitals of N2, Figure 6. It thus appears that these species 

sacrifice some framework stability in order to be able to push electrons from the Np centers into N2- 

based orbitals. Based on the data in Tables 6 and 7 as well as Figure 6, K3Np-N-Np[NH] is the most 

promising candidate for effecting N2 → N2
4- conversion by a trans-uranium complex.  

 Table 7: Calculated reaction energies, kcal/mol, for removing an alkali metal (one-electron oxidation) 

from K3Np-N-Np[NH] and K3Np-N-Np[CH2] as well as their Pu analogues.  

 ΔE 𝛥𝐺𝑠𝑐𝑎𝑙𝑎𝑟 𝛥𝐺𝑠𝑐𝑎𝑙𝑎𝑟−𝑑𝑖𝑠𝑝 𝛥𝐺𝑠𝑐𝑎𝑙𝑎𝑟−𝑑𝑖𝑠𝑝−𝑎𝑡𝑜𝑚𝑖𝑧𝑎𝑡𝑖𝑜𝑛 

K3Np-N-Np[NH] 38.7 43.4 (+4.6) 43.3 (-0.1) 22.0 (-21.3) 

K3Np-N-Np[CH2] 36.4 34.5 (-1.9) 32.6 (-1.9) 11.3 (-18.2) 

K3Pu-N-Pu[NH] 52.0    

K3Pu-N-Pu[CH2] 44.1    

 

Figure 6: (left) Trend in the N2 → N2
4- electronic reaction energies for bis-actinide complexes. (right) 

Comparison of the eigenvalues of the frontier orbitals of N2 to those of the broken-symmetry singlet 

states of K3Np-N-Np (red), K3Np-N-Np[NH] (blue) and K3Np-N-Np[CH2] (pink).  

4. CONCLUSIONS 

To explore the possibility of small molecule activation by trans-uranium organometallic actinide 

complexes, we have examined the structural, electronic and reactivity properties of a bis-uranium nitride 

(U-N-U) complex that is able to facilitate the capture, reduction and functionalization of nitrogen. This 



complex was recently synthesized and characterized. We compared the properties the properties of this 

uranium complex to those of its neptunium and plutonium analogues by means of approximate scalar-

relativistic and spin-orbit coupled DFT calculations. This level of theory is sufficient to allow for a good 

determination of the trends in the properties of these complexes. After modeling the equilibrium 

structures of the bis-actinide nitride complexes, we calculated the reaction energies for the capture and 

four-electron reduction of nitrogen (N2 → N2
4-) using reaction schema that accounts for thermal free 

energy corrections as well as long-range dispersion interactions. The influence of the ligand environment 

on the reduction of nitrogen by these species was examined in two ways. First, we probed the role of the 

alkali-metal ions that serve to hold the siloxide framework encasing the bis-actinide cores. Specifically, 

we compared the U-N-U reactivity within a potassium (K3U-N-U) or cesium (Cs3U-N-U) siloxide 

framework. Second, we examined the possibility of altering the redox reactivities of the Np and Pu 

complexes by changing the ligand frameworks from Np-O and Pu-O to Np-NH, Np-CH2, Pu-NH and Pu-

CH2 species. 

We find that K3U-N-U can capture and reduce N2. This is based on analysis of the reaction energy for   

the N2 → N2
4- process as well as the bond orders and spin densities. Based on these thermodynamic, 

electronic and structural properties, we found that Cs3U-N-U can also effect this transformation. 

However, the latter is more susceptible to decomposition via a one-electron oxidation process involving 

loss of an alkali atom. This process is associated with opening of the siloxide framework and will occur 

during N2 capture. Based on this “kinetic” factor, we conclude that N2 capture and reduction by Cs3U-N-

U will yield complex chemistry unlike the situation for K3U-N-U where N2 → N2
4- is the favored 

transformation. These conclusions agree with previous experimental observations.  

Using similar considerations, we conclude that the Np and Pu analogues of K3U-N-U cannot capture and 

reduce N2 to N2
4-. The N2 → N2

4- process is significantly more endoergic for the trans-uranium 

complexes. Detailed analyses of the differences between the U, Np and Pu systems allowed us to propose 

that systems with An-NH and An-CH2 (where An represent actinide atoms) metal-ligand interactions are 

possible opportunities for effecting this small-molecule activation by the Np and Pu complexes. Based 

on similar analyses as described earlier, we find that K3Np-N-Np[NH] (the oxo atoms of the siloxide 

framework are replaced by NH groups) and possibly K3Np-N-Np[CH2], can reduce N2 to N2
4-. This is 

possible through a delicate balance between the stability of the ligand framework and the ionization 

potentials of the actinide complex. These findings highlight a way forward for achieving small-molecule 

activation with trans-uranium complexes.   
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Synopsis: Modification of the ligand environment around the actinide centers allowed for the four-

electron activation of dinitrogen by trans-uranium complexes. Small-molecule activation by neptunium 

and plutonium complexes are very rare, in contrast to their uranium analogues. Scalar-relativistic and 

spin-orbit corrected density functional theory show that the redox reactivities of the trans-uranium 

complexes can be modulated with ligands to an extent that they start resembling their uranium analogue. 


