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Abstract 

The magnetic exchange coupling between two diuranium(V) ions exhibiting the 5f1-5f1 

configuration in diimide-bridged complexes [Cp3UV]2(µ-L) (L = stilbene-, naphthalene-diimide) has been 

investigated theoretically using relativistic ZORA/DFT calculations. Using two different hybrid PBE0 

and B3LYP functionals, combined with the broken symmetry (BS) approach, we found that the BS states 

of both naphthalene and stilbene complexes have lower energy than the corresponding high-spin (HS) 

triplet ones. The B3LYP/BS estimated exchange coupling J constants (-16.1 vs. -9.0 cm-1 respectively for 

the naphthalene and stilbene complexes) corroborate well with those obtained previously for other 

pentavalent diuranium(V) diimide-bridged systems. The computed J value is found to be sensitive to π-

network linking the two magnetic U(V) centers. The natural spin density distributions and molecular 

orbital analyses explain well the antiferromagnetic character of these compounds and clarify the crucial 

role of the π aromatic spacer in promoting spin polarization and delocalization favoring the magnetic 

coupling. Furthermore, the effective involvement of the 6d/5f metal orbitals in metal−ligand bonding 

plays an important role for the magnetic communication between the two active U(V) 5f electrons. 

 

 

 

Keywords: diuranium(V) complexes, Magnetic exchange coupling, ZORA/B3LYP, Broken 

symmetry.  
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1. Introduction 

During the past three decades, the magnetic properties of binuclear actinide complexes attracted 

attention, at both the experimental and theoretical levels.1-10 Indeed, their ability to support exotic 

metal−ligand bonding motifs, large spin–orbit coupling and anisotropy barriers allows potential 

applications in the field of single-molecule magnets (SMM), as pointed out in several recent reviews.1-6,11-

14 In particular, the unique features of actinide-containing molecules may be exploited for the design and 

synthesis of new binuclear actinide systems exhibiting magnetic coupling interactions.15-17 Moreover, the 

more diffuse f orbitals in actinide compared to lanthanide ions8,18 may lead to stronger magnetic super-

exchange.12 A successful strategy to promote interactions between paramagnetic actinide ions consists of 

the use of covalently-linked bridging ligands.5,6,8,19-21  

Despite the growing number of various synthesized actinide-containing complexes, the 

theoretical study of their magnetic behavior remains a challenge for quantum chemistry.1,5,6,9,10 If 

significant progress has been made in the computation of magnetic coupling constants in bridged 

transition metal systems22,23 the magnetic properties of actinide complexes were investigated by quantum 

chemistry methods in only a few studies.9,10,24,25 Density Functional Theory (DFT) in combination with 

the hybrid B3LYP functional26,27 and the Broken-Symmetry (BS) approach,28,29 was successfully used to 

explore the electronic structure of actinide-containing molecules and compute their magnetic exchange 

coupling.1,19,30
−
35 Such theoretical approaches could be viewed as useful tools for the design of new 

actinide bearing compounds with strong magnetic exchange coupling. 

The first binuclear magnetic actinide system was reported in the 1990s by Rosen et al.36 These 

authors found that the diuranium(V) phenyl-diimide para-bridged [(MeC5H4)3U]2(µ-1,4-N2C6H4) 

complex shows antiferromagnetic (AF) 5f1–5f1 exchange coupling (J = −19 cm−1). Afterwards, a growing 

number of compounds exhibiting unusual U(V)–U(V) couplings have been synthetized, including 

pentavalent uranium dimers, dioxo-bridged compounds and few examples of diuranium(III), 

diuranium(IV) and mixed uranium(IV)–transition metal complexes are also known, as recently reviewed 

(see references herein).1,11  

Herein, we report a theoretical investigation of two bridged diuranium(V) diimide complexes, i.e. 

naphthalene-diimide [(MeC5H4)3UV]2(µ-1,5-N2C10H6] and stilbene-diimide [(MeC5H4)3UV]2(µ-1,2-(4-

NC6H4)2-C2H2], for which no extensive and systematic theoretical studies exist. These complexes, 

exhibiting the 5f1-5f1 configuration, were synthetized by Rosen in 1989,37 but their magnetic properties 

were not completely clarified by susceptibility measurements and are not yet established. Assuming that 

nitrogenous ligands promote bridging and electronic communication between paramagnetic actinide 

centers, a AF coupling character is expected for the bridged-diuranium(V) systems. Two model systems, 

hereafter called U2-naphtalene and U2-stilbene (Scheme 1), are treated, where the MeC5H4 ligands of the 

Acc
ep

ted
 M

an
us

cri
pt



4 
 

actual complexes are replaced by unsubstituted Cp rings. Two possible electron configurations of the two 

uranium-centered 5f1−5f1 electrons were considered for each complex: the fα−fα HS (↑…↑, ferromagnetic), 

and the fα−fβ BS (↑…↓, AF). The corresponding states are schematically represented in Figure 1 for both 

the U2-stilbene and U2-naphthalene diimide complexes. The HS states have spin Smax = 𝑆! + 𝑆! = 1, with 

𝑆! = 𝑆! =
!
!
. 

 

  

U2-naphtalene U2-stilbene 

Scheme 1: Structure of [Cp3UV]2(µ-L) (L = stilbene- and naphthalene-diimide) complexes. They are 

denoted as U2-naphtalene and U2-stilbene. 
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Figure 1: Schematic presentation of the ferro- and antiferro-magnetic couplings for (a) stilbene- and (b) 

naphthalene-diimide. The Cp ligands are omitted for clarity. 

 

By studying such systems, using DFT computations coupled to the BS recipe, we aim at assessing 

the nature and strength of the exchange coupling by drawing magneto-structural correlations between the 

two models [Cp3UV]2(µ-L) (L = stilbene- and naphthalene-diimide). In particular, the roles of the 

aromatic spacer, the co-ligand Cp and uranium(V) 5f orbitals will be investigated. Prior to this work, the 

same DFT/BS methodology has been successfully applied by some of us32
−
35 and by others19,30,31 to 

investigate the magnetic exchange interactions in such systems. This work aims to provide an in-depth 

understanding, at the molecular level, of the magnetic properties of these two diuranium model 
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compounds, and may be helpful for the design and performance improvement of f-element single-

molecule magnets.14
−
20 

 

2. Computational details 

All calculations were performed with the Amsterdam Density Functional (ADF) program 

(ADF2019.302 release).38,39 Relativistic corrections, obviously important for U-containing compounds, 

have been introduced via the zeroth order regular approximation (ZORA)40,41 accounting for scalar 

relativistic effects. Molecular structure drawings, spin densities and molecular orbital plots were 

generated using the ADF-GUI auxiliary program.39 Finally, in these calculations the ADF integration 

accuracy parameter was set to 8.0. 

a. Geometry optimizations 

We started our investigations by optimizing the equilibrium structures of U2-naphtalene and U2-

stilbene. These computations were done using the exchange and correlation functionals of Becke and 

Perdew (BP86),42−44 combined with the triple-ζ-plus polarization (TZP) Slater type orbital (STO) basis 

sets. We adopted a spin-unrestricted formalism. Thus, at this level of theory, we performed all geometry 

optimizations followed by analytical computations of the harmonic vibrational frequencies, to ensure that 

the optimized structures correspond to local minima on the potential energy surface (all real frequencies). 

The geometrical parameters of [(MeC5H4)3UV]2(µ-1,5-N2C10H6] and [(MeC5H4)3UV]2(µ-1,2-(4-

NC6H4)2-C2H2] derived by Rosen37 were used as an initial guess for the subsequent full geometry 

optimizations of the U2-naphtalene and U2-stilbene model complexes. In the BP86 calculations, the 

frozen-core approximation, where the core density is obtained from four-component Dirac–Slater 

calculations, has been applied to all atoms, i.e. the 1s core electrons of carbon and nitrogen were kept 

frozen. For the actinide, the small frozen-core U[5d] was used, resulting in a valence space composed of 

the 5f/6s/6p/6d/7s/7p shells (14 valence electrons). Such methodology, whose validity has been proven in 

previous theoretical works,25,32
−
35,45,46 is able reproducing the experimental geometries of f-element 

compounds with good accuracy. 

Furthermore, we carried out single-point calculations to estimate the exchange coupling constant 

J using the two B3LYP47,48 and PBE049 hybrid functionals. Spin-orbit (s-o) corrections to the energy have 

not been considered, although they are relevant for pure spin states and their effect is noticeable when 

computing properties like electron affinities of actinide complexes.50 Nevertheless, they could introduce 

spurious contributions when computed for the fictitious BS state. The procedure we adopted in this study 

is in line with previous DFT calculations of magnetic exchange coupling for diuranium(IV) and (V) 

species,19,20,30-33 which did not include spin-orbit corrections either.  
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b. Evaluation of the exchange coupling 

The magnetic interaction between two atomic spins is usually described by the Heisenberg-Dirac-

Van Vleck (HDvV) Hamiltonian, given by Ĥ = − 2 J ŜA·ŜB, where J is the coupling constant between the 

A and B magnetic sites with total spin operators ŜA and ŜB. A positive sign of the coupling constant J 

indicates a ferromagnetic interaction (parallel alignment of spins), whereas the negative sign indicates an 

antiferromagnetic interaction (anti parallel alignment of spins). It is noteworthy that accurate quantum 

mechanical evaluation of the coupling constant requires multideterminantal post-Hartree–Fock 

calculations.9,10,22,23 However, such ab initio methodologies are computationally challenging for large 

molecular systems containing actinides. A good alternative is provided by the combined DFT/BS 

approach,28,29 where the exchange coupling constant J can be extracted from the difference of the high 

spin (HS) and the BS state energies (ΔE = 𝑬𝑩𝑺 − 𝑬𝑯𝑺). For both the U2-stilbene and U2-naphthalene 

diimide complexes, the BS state energy has been obtained by performing a single point SCF calculation 

using the molecular orbitals (MOs) of the HS structure as starting guess, and changing the spin on the 

second uranium atom (using the spin-flip recipe available in the ADF program).51 Moreover, we must 

keep in mind that in the evaluation of the coupling constant J, energy differences are often smaller than 

∼0.5 kcal/mol (i.e. ≈175 cm-1).52 Anyway, the DFT/BS approach based on the hybrid functional B3LYP 

turns out to be reliable for an accurate prediction of the coupling constant J, not only in binuclear 

transition metal complexes,22,23,53 but also in actinide-containing molecules,19,30
−
35 even though the use of 

the DFT monodeterminantal approach in such cases is a subject of debate.9,19,54  

Yamaguchi et al.55 have suggested an expression for the correct evaluation of J within the BS 

approach, which should be valid over the full range of coupling strengths, from the weak to the strong 

overlapping limit. The corresponding expression is:  

 

𝑱 =
𝑬𝑩𝑺 − 𝑬𝑯𝑺

< 𝑺𝟐 >𝑯𝑺−< 𝑺𝟐 >𝑩𝑺
 

where < 𝑺𝟐 >𝑯𝑺 and < 𝑺𝟐 >𝑩𝑺 are the HS and BS mean values of the squared spin 𝑺 operator, 

respectively. 

 

The reliability of the BS approach using Yamaguchi’s formula has been discussed earlier and 

validated,19,30-35,56,57 where it was shown that computations of the magnetic coupling constants at the 

B3LYP level generally lead to satisfactory results and good agreement with both high-level post-HF 

computations and experimental findings.1 
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3. Results and Discussion 

a. Equilibrium structures 

 

 
Figure 2: Optimized molecular structures of U2-stilbene (top) and U2-naphtalene (bottom) model 

complexes. We give also the atom numbering and the main geometrical parameters (in red) listed in Table 

1. 

 

Table 1: Relevant average ZORA/BP86 optimized bonds distances (Å) and angles (°) for [Cp3UV]2(µ-L) 

(L = stilbene- and naphthalene-diimide) model complexes in their triplet HS state. See Figure 2 for the 

definition of the geometrical parameters. 

Geometrical parameter U−N N−C U−Cp f C=C U−N−C U−U 

U2−naphtalene a 1.973 1.368 2.596 1.438 168.9 10.112 

[(MeCp)3UV]2(µ-1,5-N2 naphtalene] b 2.00 1.40 - - - 9.9 

U2−stilbene a 1.984 1.369 2.508 1.359 175.9 16.220 

[(MeCp)3UV]2(µ-1,5-N2 stilbene] b 2.00 1.40 - 1.30 - 16.0 

[(Cp)3UV]2(µ-1,4-N2C6H4) c 2.084 1.442 2.59 - 176.5 10.103 

(MeCp)2U[=N-2,4,6-tBu3-C6H2] d 1.965(8) 1.415(11) 2.505 - 171.0(7) - 

[(MeCp)3U(=NC6H5)] e 2.019(6) 1.36(1) 2.48 - 167.4(6) - 

a This work, b Ref [37], c Ref [32], d Ref [58], e Ref [59], f Cp (C5H5) centroid. 
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Since no X-ray experimental structures are available for the complexes under consideration, the 

molecular parameters of Rosen37 were used as an initial guess for the geometry optimizations of both U2-

naphtalene and U2-stilbene, i.e. bond lengths U(V)−N ≈ 2.00 Å, N−C ≈ 1.40 Å, C=C ≈ 1.30 Å, and 

metal−metal distance U(V)−U(V) ≈ 9.9 vs. 16.0 Å for U2-naphtalene and U2-stilbene, respectively. The 

molecular structures obtained from the ZORA/BP86 geometry optimizations of the two U2-naphtalene 

and U2-stilbene models are displayed in Figure 2, together with the definition of a few selected 

geometrical parameters. In the Supplementary Material, we give the full set of the optimized Cartesian 

coordinates of the U2-naphtalene and U2-stilbene complexes (Tables S1 and S2) and their IR simulated 

spectra (Figures S1 and S2). 

In Table 1, we report optimized bond distances and angles for the HS state of the two model 

complexes. Compared to the model values of Rosen, we obtain slightly longer U(V)−U(V) and U(V)−N 

distances and a slightly shorter (N−C) distance for both complexes. Since the differences are small, we 

conclude that our theoretical data are in good agreement with the experimental ones. Table 1 shows also 

that the U−Cp distance is longer in U2-naphtalene than in U2-stilbene. Most likely, this difference is due 

to the steric hindrance between the Cp rings and the bridging ligand in the former complex. This is 

connected also with the smaller U-N-C angle (of ≈169°) computed for U2-naphtalene compared to that of 

U2-stilbene (of ≈176°). However, these angles remain close to 180°, ensuring favorable molecular orbital 

overlap between the U, N moieties and naphthalene/stilbene (see below). One can note the dihedral angle 

U-N-C-C involving naphthalene and stilbene carbon atoms equal to 0.0° insuring the well planarity for 

the systems.  

For comparison, we give also in Table 1 the DFT structural parameters for the para-imido 

diuranium (5f1-5f1) [(Cp)3UV]2(µ-1,4-N2C6H4) complex36 and X-ray data for the (MeCp)2U[=N-2,4,6-tBu3-

C6H2] and [(MeCp)3U(=NC6H5)] monomer complexes, as determined by Graves et al.,58 Brennan and 

Andersen,59 respectively. In overall, the DFT calculations for the model systems in Table 1 correlate well 

with experimentally determined metrical parameters for similar systems. In particular, the U–N bond 

distances of 1.973 Å and 1.984 Å for U2-naphtalene and U2-stilbene, respectively, are within the typical 

range of multiple uranium(V)-imide bonds.58-60 Furthermore, the linear U–N–C coordination geometry, 

particularly in U2-stilbene (ca. 176°), is indicative of multiple bonding. Such coordination throughout the 

π-bridging ligand was also found in phenylene-diimide diuranium(V) species, and was attributed to a 

significant participation of the uranium 5f orbitals in metal–N bonding.1,5,6,30,32,33,36 These orbitals will also 

maximize the possibility of electronic and magnetic communication between the two U(V) metal centers 

through the π-bridging ligand, which could favor magnetic super-exchange.1,8,11-14,19,20 Note that the 
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computed U(V)−U(V) distance of ca. 10.1 Å for U2-naphtalene compares well with that of 10.103 Å 

reported for the AF para-phenylene-diimide diuranium(V) complex.32,36 

 

b. Electronic structure analysis 

In order to investigate the electronic structure and the nature of the metal-ligand bonding, natural 

population analysis (NPA)61 as well as Mayer62 and Nalewajski-Mrozek (NM)63,64 bond order analysis 

were performed on U2-naphthalene and U2-stilbene, at their optimized equilibrium geometries, with the 

ZORA/B3LYP/TZP approach. The NPA method is a better alternative to Mulliken population analysis65 

(MPA) for probing the covalence in f-element complexes, leading to results in better agreement with the 

experimental trends.66 For bonded nitrogen and uranium atoms, natural atomic net charges (q), as well as 

Mayer and Nalewajski-Mrozek (NM) bond orders are reported in Table 2.  

 

Table 2: ZORA/B3LYB NPA of atomic net charges (q in C), Mayer and NM average U–N, N–C and 

C=C bond orders of the U2-stilbene and U2-naphthalene complexes in their HS/BS states. See Figure 2 for 

the definition of the distances. 

models 
NPA (q) U–N N–C C=C 

U N Mayer NM Mayer NM Mayer NM 

U2−naphtalene 

HS 

BS 

0.74 

0.74 

-0.55 

-0.55 

1.791 

1.784 

2.701 

2.715 

1.140 

1.143 

1.278 

1.251 

1.306 

1.304 

1.295 

1.292 

 U2−stilbene  

HS 

BS 

0.73 

0.73 

-0.53 

-0.53 

1.807 

1.796 

2.688 

2.697 

1.129 

1.134 

1.292 

1.264 

1.637 

1.629 

1.739 

1.729 

 

The NPA charges on the uranium atoms are calculated to be +0.74 e in U2-naphtalene and +0.73 e 

in U2-stilbene, i.e. much smaller than the formal value of +5 e in pentavalent uranium. This is indicative 

of the relatively strong covalent character of the metal−ligand bonding in these compounds, due to 

extensive ligand-to-metal charge donation. These covalent contributions originate mainly from the 

favorable energy matching between the d/f orbitals of the metal and those of the ligands.25,67,68 This is not 

only important for the π-network bridging ligand in U2-naphthalene and U2-stilbene, but could also favor 

super-exchange coupling interactions.1,5,6,11,32,33 The Mayer and NM bond orders in Table 2 further attest 

the covalent nature of the U–N bonds in these complexes and their multiple bond character. Indeed, we 

calculate Mayer and NM bond orders of 1.791 and 2.701, respectively, for U2-naphthalene, and 1.807 and 
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2.688, respectively, for U2-stilbene, when both species are considered in their HS state. As stated 

previously,1,5,6,11-14 the multiple bonds between uranium and nitrogen atoms, together with the strong π 

ligand-to-metal donation, will lead to significant electronic communication which may favor metal−metal 

super-exchange coupling. The calculated bond orders for the N–C and C=C bonds in Table 2 are 

consistent with the delocalization of the π electron system in these complexes.  

 

c. Molecular Orbital Analysis 

In order to study the π-network pathway that enables electronic communication between the two 

U(V) spin centers, we performed a MO analysis using B3LYP. The frontier MO diagrams of the U2-

naphthalene and U2-stilbene diimide models in their HS/BS states are depicted in Figures 4 and 5. In these 

diagrams the notation (6d/5f/U/ligand)% represents, respectively, the percent weight of the contributions 

to a given MO from the 6d, 5f orbitals of the metals, from all the atomic orbitals of the metals and from 

those of the ligands.  

 
Figure 3: B3LYP Frontier MO diagram of the U2-naphtalene in its HS/BS states. The occupied MOs are 

in blue and red and the virtual ones are in cyan and brown. 
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As shown in the left panel of Figure 3, the highest occupied MO (HOMO) of U2-naphtalene in its 

HS (triplet) state is not composed of pure 5f orbitals. This orbital is entirely delocalized over the two 

metals and the linking bridge. The α and β spin-orbital components of the HOMO (α-238A and β-236A) 

are not rigorously degenerate because of the spin-unrestricted DFT formalism. This MO exhibits large π-

bonding interactions, involving uranium 5f orbitals and those of the covalently bridging ligand, as shown 

by the percent weight contributions. The two degenerate α-237A and α-236A spin-orbitals, 0.63 eV lower 

in energy, are composed essentially of the 5f orbitals of the two metals, with practically no contributions 

from the bridging ligand orbitals. It is noteworthy that the corresponding singly occupied MOs (SOMOs), 

bearing the two 5f1-5f1 active spin electrons that are responsible for the magnetic properties of the 

molecule, are delocalized on the two U(V) spin centres. The delocalization of the lower-energy orbital 

235A contributes to the bridging ligand ability to enhance the metal−metal super-exchange interaction. 

Similarly, for the BS state (Figure 3, right panel), the HOMO is composed of the α-237A and β-237A 

occupied spin-orbitals responsible for the metal−ligand π-bonding, while the two SOMOs, 0.67 eV lower 

in energy, are mainly composed of the uranium 5f orbitals and are localized on the two U(V) spin centres. 

In the BS state, the two magnetic 5f SOMOs are completely localized on each of the two U(V) spin 

centers. Most notably, the calculated 5f splitting is larger in the BS state than in the HS one, indicating a 

greater involvement of the 5f orbitals in bonding in favor of more metal−ligand−metal electronic π-

delocalization.32,33,69 
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Figure 4: B3LYP Frontier MO diagram of the U2-stilbene in its HS/BS states. The occupied MOs are in 

blue and red and the virtual ones are in cyan and brown. 

For the U2-stilbene, the HS/BS diagrams depicted on Figure 4 exhibit a close resemblance to the 

U2-naphtalene case. For U2-stilbene in both the HS and BS states, the SOMOs bearing the two 5f1−5f1 

active spin electrons are separately localized on the two metal U(V) spin centers. With respect to the 

HOMO energy, the two degenerate SOMOs are more stabilized in the BS (0.80 eV) than in the HS (0.76 

eV) state. The factors that lead to an AF coupling, namely the electronic factors favoring communication 

between the two magnetic centres, already appear in the MO analysis.  

 

d. Magnetic properties 

i) Evaluation of the exchange coupling constant J 

Following the MO analysis, we study now the U(V)−U(V) magnetic coupling in the two 

complexes. Unfortunately, the magnetic character of these systems has not yet been clearly established by 

variable temperature measurements.37 Here, the evaluation of the magnetic coupling constant will be done 

using the DFT/BS approach28,29 as detailed above. The two complexes under study exhibit similar 5f1
−5f1 

electron configurations, molecular orbitals and energy level patterns.  
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In Table 3, we report the computed total bonding energy (TBE), energy differences (ΔE), mean 

value of the squared spin operator (⟨S2⟩) for the estimation of the spin contamination, as well as the 

computed exchange coupling constants J using the spin-projected Yamaguchi’s formula (vide supra). 

 

Table 3: Computed B3LYP TBE for the HS (TBEHS) and BS (TBEBS) states (in eV), ΔE =  𝐸!" − 𝐸!", in 

cm-1) energy differences, ⟨S2⟩HS/BS values, and exchange coupling J (in cm-1) constant for the U2-

naphthalene and U2-stilbene diimide complexes.  

Complex TBEHS TBEBS ΔE ⟨S2⟩HS ⟨S2⟩BS J 

U2-naphtalene -591.8901 -591.8920 -15.48 2.14 1.18 -16.1 

U2-Stilbene -647.5112 -647.5122 -8.68 2.17 1.23 -9.0 

 

For the triplet 5f1-5f1 HS state systems, Table 3 shows that ⟨S2⟩HS exhibit correct values (≈ 2), 

indicating that almost no spin contamination occurs. Furthermore, as expected, the computed ⟨S2⟩BS 

values are intermediate between those of a singlet (⟨S2⟩ = 0) and triplet (⟨S2⟩ = 2) states. For both systems, 

the BS energy is computed slightly, but significantly, lower than the HS one, indicating, as expected, an 

AF character of the U(V)−U(V) exchange coupling interaction. As shown in Table 3, the computed J 

values for U2-naphtalene (−16.13 cm-1) and U2-stilbene (−9.04 cm-1) are distinctly different, but compare 

rather well with those, ranging from −12 to −19 cm-1, reported in the literature for diimide diuranium(V) 

species.1,5,30,32,36 

We found that the PBE0 hybrid functional compared to B3LYP, gives a much higher HS/BS 

energy differences than what is expected for magnetic binuclear actinide diimide systems.1,11,30-33,36,69 

Consequently, the PBE0 computations lead to too high values of the coupling, i.e. -77.2 and -59.6 cm-1 

for U2-naphthalene and U2-stilbene, respectively. Among the two functionals, B3LYP/BS appears to be 

the best technique for modelling actinide-containing molecules with magnetic super-exchange 

interactions.  

As previously reported in the literature,1,5,6,11-14 geometrical and electronic effects on the exchange 

coupling constant are comparable. Notably, it has been found that in several diuranium(V) systems with 

long metal−metal distances (>10 Å), conjugation across the π-bridging ligand is likely to promote 

electronic communication, leading to AF super-exchange coupling.1,19,32,33,36,69,70 Therefore, the magnitude 

of the magnetic exchange in U2-naphthalene and U2-stilbene will result from two opposite effects: (i) the 

large values of the metal-metal distances (Table 1), which should induce small values of J, and (ii) 

electron delocalization effects, which should lead to large J values.37 
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Figure 5: Resonance structures of the (a) U2-stilbene and (b) U2-naphthalene complexes. The Cp groups 

were omitted for simplicity. 

 

Since electron delocalization effects should be similar in U2-naphthalene and U2-stilbene (Figure 

5), the difference in exchange coupling strength is most likely due to the U−U distance, which is larger in 

the latter complex (Table 1). In particular, the U(V)−U(V) distance in U2-stilbene is calculated to be 

≈16.2 Å which is longer than in other similar bridged-diimide compounds.1 This is in line with the 

available data on other diimide compounds. Let’s cite, for instance, the work of Newell et al.19 dealing 

with the para-diethynylbenzene diuranium(IV) [(NN3)2U2(p-DEB)] (NNʹ3=[N(CH2CH2NSitBuMe2)3] 

complex. These authors reported a rather long metal-metal distance of 12.9499(1) Å observed by X-ray 

spectroscopy, and calculated a weak 5f2−5f2 antiferromagnetic coupling of −0.1 cm-1. In addition, 

Kiplinger and co-workers69 pointed out a significant electronic communication between phenylene-

diketimide-linked U(IV) centers, separated by 10.956 Å and exhibiting a 5f2–5f2 configuration. For the 

same system, at the DFT/B3LYP level, Meskaldji et al.33 calculated a metal-metal distance of 11.057 Å 

and a weak antiferromagnetic exchange coupling (|J| < 5 cm-1). More interestingly, another dinuclear 

U(V)−U(V) complex reported by Walensky and co-workers,70 where the two paramagnetic U(V) centres 

linked by the para-benzoquinone exhibit a weak AF coupling (J = −0.6 cm-1). These findings are also 

valid for oxo-bridged complexes,34,35 for which some of us revealed that the magnetic exchange coupling 

is more sensitive to changes in the U−U distance and UOU angles at core geometry than to modifications 

in the coordination environment around the magnetic core. Conversely, for the [{U(NtBu)2(I)2(bpy)}2] 

model system, Spencer et al.30 calculated at the DFT/BS level a coupling constant J of −12 cm-1, smaller 

than in other para-bis(imido) diuranium(V) systems with larger U(V)−U(V) distances.32 In such cases the 

electronic nature of the bridge, rather than the distance between the metal atoms, determines whether AF 

exchange occurs. 
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ii) Spin densities 

To gain a deeper insight into the magnetic character of the U2-naphtalene and U2-stilbene systems 

and explain their different exchange coupling strengths, spin density analyses have been carried out for 

the HS and BS states. The exchange coupling between the magnetic centers, can be explained by the spin 

polarization and spin delocalization phenomena, as described earlier by Kahn.71 For U2-naphtalene and 

U2-stilbene, the obtained spin density distributions (difference between the α and β electron densities) 

along the path linking the two magnetic U(V) metal centres are displayed in Figure 6. Furthermore, both 

NPA and MDC (multipole derived charges) analysis72 of the atomic spin populations as reported in Table 

4, lead to equivalent results, although NPA gives a metal spin population greater than 1 in absolute value 

compared to the MDC analysis result.  

As shown in Figure 6, the spin density in the HS state is mainly localized on the two uranium(V) 

and nitrogen centers, with a small density spread along the path linking the two metals and significant 

depletion at the C7=C12 and C9=C10 bonds of U2-naphtalene and U2-stilbene, respectively. In the BS 

states of both systems, the two magnetic U(V) centres are AF coupled, with significant spin density 

contributions from the bridged ligand atoms, and no major depletions. The involvement of spin 

polarization and spin delocalization in the mechanism driving the AF coupling in U2-naphtalene and U2-

stilbene emerges clearly through the latter (BS) spin density distribution. We also note that the Cp ligands 

are practically not involved in this coupling and, thus, are not expected to play a significant role. This 

justifies a posteriori the use of Cp instead of MeCp for the present modelling of the uranium compounds 

synthetized by Rosen.37 

 

U2-naphtalene 

  
U2-stilbene 
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Figure 6: Spin density plots for the HS triplet and BS states of U2-naphtalene (Top) and U2-stilbene 

(Bottom) (blue/red color: positive/negative spin density). The isodensity surface corresponds to a value of 

0.0025 e bohr–3. 

 

Table 4: ZORA/B3LYP/NPA and MDC computed atomic natural spin populations of U2-naphtalene and 

U2-stilbene diimide model complexes in their HS and BS states as numbered on the Figure 2. 

U2-naphtalene U2-Stilbene 

Atom 

NPA MDC 

Atom 

NPA MDC 

HS BS HS BS HS BS HS BS 

U1 1.370 -1.400 0.969 -0.989 U1 1.392 -1.434 0.993 -1.022 

N2 -0.197 0.209 -0.100 0.106 N2 -0.214 0.219 -0.111 0.113 

C3 0.028 -0.053 0.012 -0.029 C3 0.030 -0.055 0.014 -0.033 

C4 -0.045 0.069 -0.040 0.063 C4 -0.040 0.055 -0.036 0.049 

C5 0.007 -0.036 0.004 -0.033 C5 0.013 -0.035 0.010 -0.031 

C6 -0.034 0.062 -0.034 0.061 C6 -0.033 0.055 -0.030 0.046 

C7 -0.012 -0.040 -0.018 0.047 C7 0.014 -0.036 0.011 -0.031 

C8 0.028 0.053 0.012 0.029 C8 -0.037 0.055 -0.033 0.045 

C9 -0.045 -0.069 -0.007 -0.063 C9 -0.011 -0.033 -0.007 -0.026 

C10 0.007 0.036 0.004 0.033 C10 -0.010 0.032 -0.007 0.027 

C11 -0.034 -0.062 -0.034 -0.061 C11 -0.037 -0.058 -0.033 -0.049 

C12 -0.012 0.040 -0.014 -0.048 C12 0.016 0.037 0.013 0.032 

N13 -0.197 -0.209 -0.100 -0.106 C13 -0.040 -0.053 -0.036 -0.047 

U14 1.370 1.400 0.969 0.989 C14 0.034 0.057 0.016 0.034 

     C15 -0.044 -0.059 -0.041 -0.053 

     C16 0.016 0.037 0.013 0.033 

     N17 -0.212 -0.220 -0.106 -0.118 

     U18 1.394 1.431 1.003 1.031 

 

From data in Table 4, we note that the HS states of both systems exhibit quasi-localized spin 

densities on the two magnetic uranium(V) centers, with non-negligible values on the neighboring nitrogen 

atoms and only slight delocalization within the bridging naphthalene and stilbene ligands. Table 4 shows 

a higher accumulation of spin density between the two magnetic centers, when passing from the HS to BS 

states. Moreover, the U2-naphtalene natural spin densities (NPA) on the uranium atoms are 1.370 in the 
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HS state, while they become -1.400 and 1.400 in the BS state. A similar trend is observed for the U2-

stilbene. Notably, the remarkable sign alternation of the BS spin densities along the path linking the two 

magnetic centers, due to spin polarization, proves the AF exchange coupling. As it can be seen in Figure 

6, the atoms C7 and C12 in U2-naphtalene and C9 and C10 in U2-stilbene exhibit almost vanishing spin 

populations in the HS states, while in the BS states the corresponding spin densities are increased by spin-

delocalization. This trend seems to be more pronounced in U2-naphtalene than in U2-stilbene, and is likely 

to explain the difference in exchange coupling strength (Table 3).  

 

4. Conclusions 

The magnetic exchange coupling interactions in diuranium(V) diimide L-bridged complexes 

[Cp3UV]2(µ-L) (L = stilbene and Naphthalene), exhibiting a 5f1-5f1 electron configuration, have been 

investigated for the first time using relativistic ZORA/DFT computations combined with the B3LYP and 

PBE0 hybrid functionals and the broken symmetry (BS) methodology. The used theoretical approach was 

successful in predicting the antiferromagnetic (AF) character of the two uranium complexes, in agreement 

with the literature. B3LYP results appear to be more reliable than the PBE0 ones. Furthermore, the super-

exchange coupling has been rationalized according to the natural spin density distributions, revealing the 

crucial role of spin polarization and spin delocalization in AF interactions. Such interactions in the studied 

systems are mediated by the aromatic diimide bridges, and are mainly due to the effective π-overlap 

between the 5f orbitals of the metals and nitrogen atomic orbitals, where the resulting MOs are spread 

along the path linking the two magnetic uranium(V) centers. The analysis of the Mayer and Nalewajski-

Mrozek (NM) bond orders reveals the multiple bond character of the U-N bonds. The covalence effects 

and the strong π ligand-to-metal donation favor electronic communication and metal−metal super-

exchange coupling. Finally, the good performance of the ZORA/B3LYP/BS procedure is remarkable. 

Through this approach, valuable information can be extracted on the bridging ligands and used to develop 

other uranium(V) compounds displaying unprecedented magnetic super-exchange coupling. 
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