
          

 

 

 

 

[UF6]2–: A Molecular Hexafluorido Actinide(IV) Complex with 

Compensating Spin and Orbital Magnetic Moments 
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Martín Amoza, Eliseo Ruiz, Jeffrey R. Long, Jesper Bendix, and Rodolphe Clérac* 

Abstract: The first structurally characterized hexafluorido complex of 

a tetravalent actinide ion, the [UF6]2– anion, is reported in the 

(NEt4)2[UF6]2H2O salt (1). The weak magnetic response of 1 results 

from both U(IV) spin and orbital contributions, as established by 

combining X-ray magnetic circular dichroism (XMCD) spectroscopy 

and bulk magnetization measurements. The spin and orbital moments 

are virtually identical in magnitude, but opposite in sign, resulting in 

an almost perfect cancellation, which is corroborated by ab initio 

calculations. This work constitutes the first experimental 

demonstration of a seemingly non-magnetic molecular actinide 

complex carrying sizable spin and orbital magnetic moments. 

The chemistry of uranium compounds and the diversity of 

potential uses for uranium in novel materials are currently 

experiencing a renaissance.[1] Molecular complexes with uranium 

in either +III or +V oxidation states have been shown to generally 

exhibit slow relaxation of magnetization,[2] together with a single 

U(IV) complex that appears as an exception.[3] Such complexes 

are also interesting building-blocks for magnetic polynuclear 

complexes and one-dimensional coordination polymers.[4] Recent 

spectroscopic investigations have aimed at a detailed 

understanding of the electronic structure of actinide ions, which is 

significantly more complicated than for lanthanides.[5] The large 

spin-orbit coupling of actinide ions and the less shielded nature of 

their 5f orbitals relative to the 4f orbitals, result in much stronger 

interactions of the f-electrons with the surrounding atoms. Hence, 

the concomitant stronger ligand field cannot be considered as a 

perturbation, particularly for the early members of the 5f series. 

Furthermore, spectroscopic data of actinide systems are typically 

very rich and the determination of the electronic energy level-

splitting and -composition remains quite challenging. For the 

magnetic characterization of actinide-based materials, powder 

and thermodynamically averaged magnetization data bring only 

limited information about the underlying physics. However, since 

the magnetic properties are predominantly defined by the energy 

levels that are thermally populated at room temperature and 

below, any additional experimental information on these low-lying 

energy levels would be of great relevance. For this task, X-ray 

magnetic circular dichroism spectroscopy is a powerful tool able 

to deconvolute the macroscopically measured magnetic moment 

into its spin and orbital contributions.[6] Despite its routine 

applications in magnetism, this technique has never been applied 

to molecular actinide systems.[7] Inspired by the early works of 

Ryan et al. and Brown et al.,[8a,8b] we herein report the synthesis 

and crystal structure of (NEt4)2[UF6]2H2O (1) featuring the first 

structurally characterized example of an octahedral fluoride 

complex in the tetravalent actinide family.[8] This molecular entity 

combines a high symmetry coordination sphere with the redox-

inactive nature of the predominantly ionic U–F bonds that, 

supposedly, would facilitate the comparison of the experimental 

results with theoretical calculations on an isolated U4+ ion. 

Although the octahedral complexes [UF6] and [UF6]– are well-

described and have been structurally characterized,[9] the 

existence of an octahedral [UF6]2– has only been inferred from vi- 

 

Figure 1. Molecular structure of the [UF6]2– complex in 1 (thermal ellipsoids 

drawn at 50% probability level) and the hydrogen bonding pattern linking [UF6]2– 

complexes into supramolecular chains running along the crystallographic c 

direction (see Supporting Information, Figure S1). Selected bond lengths (Å) 

and angles (°): U–F1 2.124(2), U–F2 2.177(2), U–F3 2.181(2), cis-F–U–F 

89.23(7)–90.90(7). Color codes: U, purple; F, green; O, red; C, black; H, grey. 
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Monodisperse N-Doped Graphene Nanoribbons Reaching 7.7

Nanometers in Length

Diego Cortizo-L acalle, Juan P. Mora-Fuentes, Karol Strutyński, Akinori Saeki, Manuel Melle-

Franco,* and Aurelio Mateo-A lonso*

Abstract : The properties of graphene nanoribbons are highly

dependent on structural variables such as width, length, edge

structure, and heteroatom doping. Therefore, atomic precision

over all these variables is necessary for establishing their

fundamental properties and exploring their potential applica-

tions. An iterative approach ispresented that assembles a small

and carefully designed molecular building block into mono-

disperse N-doped graphene nanoribbonswith different lengths.

To showcase this approach, the synthesis and characterisation

of a series of nanoribbons constituted of 10, 20 and 30

conjugated linearly-fused rings (2.9, 5.3, and 7.7 nm in length,

respectively) is presented.

The discovery of fullerenes, nanotubes, and graphene has

stimulated the exploration of synthetic low-dimensional

carbon nanostructures. A mong these, quasi-one-dimensional

atomically precise substructures of graphene, known as

graphene nanoribbons (NRs),[1] combine the one-atom thick-

ness of graphene with the structure-dependent metallicity of

carbon nanotubes. NRs have unique electronic, optical and

mechanical properties and are considered promising candi-

dates to develop new technologies for electronics,[2] photon-

ics,[3] and energy conversion,[4] among others. The properties

of NRs are highly dependent on several structural variables

such as width, length, edge structure, and heteroatom doping.

Therefore, atomic precision over these variables is necessary

for establishing their fundamental properties and exploring

their potential applications. The edge structure of NRs

influences their metallicity [5] and their photonic properties.[3]

The size of the energy gap of NRsisstrongly influenced by the

width.[5g] For example, energy gaps > 1.4 eV are expected for

NRs with sub-nm widths. The length is also an important

variable in NRs, as the size of the energy gap decreases with

increasing length until saturation. A lso, lengths of more than

5 nm constitute a structural prerequisite to explore the

potential of NRs in single NR field-effect transistors.[6]

Even if there have been enormous advances in the

synthesis of NRs,[7] current approaches do not allow the

attainment of atomic precision over width, length, and edge

structure simultaneously on NRsof more than 5 nm in length.

Top-down methods such as cutting graphene or unzipping

carbon nanotubes by means of lithography or etching have

been applied to prepare NRs,[8] but they do not provide

atomic precision over any structural variable. Bottom-up on-

surface synthesis,[5h,9] in-nanotube synthesis,[10] and solution

polymerisation methods[11] provide atomically precise control

over the edge and width of the NRs, but do not provide

atomic precision over the length.

A promising approach that can provide simultaneously

atomic precision over edge, width, and length is multistep

organic synthesis in solution. In fact, several families of

monodisperse NRs with more than 2 nm in length have been

reported[2c,4c,11h,12] that evolve from acenes, naphthalene,

pyrene, perylene, coronene, and rylene derivatives, among

others. However, until now, only NRs with lengths approach-

ing 5 nm have been obtained by this approach.[4c,12b] This isup

to 18 fused aromatic rings in a linear arrangement [4c] and up to

23 fused aromatic rings in an armchair arrangement. [12b]

A pproaching the synthesis of NRs more than 5 nm in length

from an organic chemistry perspective is very challenging

because of the large number of different synthetic and

purification steps that have to be individually optimised and

also because of the high tendency of large aromatic systems to

aggregate in solution, which makes difficult, and in some

cases even hamper, their synthesis, purification, character-

isation, and processing.

Herein we report an iterative approach that assembles

a small molecular building block into NRsof different lengths,

opening up a new route for the preparation of monodisperse

NRs. To showcase this approach, we describe the synthesis of

a series of NRs constituted of 10, 20, and 30 linearly-fused

aromatic rings (with 2.9, 5.3, and 7.7 nm in length, respec-

tively), which include the longest monodisperse NRsreported

to date (Scheme 1; Supporting Information, Figure S1).

Remarkably, the whole NR series is soluble in chlorinated
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brational spectroscopy, but not confirmed by X-ray 

crystallography.[8a,8b] Indeed, more generally, despite the vast 

number of known fluoride complexes of the actinide ions in 

oxidation state +IV, none of the hexafluoride complexes have 

been structurally characterized. 

The reaction of UF4xH2O (x  1.5) with NEt4FH2O in 

propylene carbonate under a dry N2 atmosphere yields a pale 

green solution. Addition of acetone induces the crystallization of 

a pale-green material suitable for single-crystal X-ray diffraction. 

The crystal structure analysis of (NEt4)2[UF6]2H2O (1) reveals the 

presence of slightly compressed octahedral [UF6]2– complexes 

(Figure 1), with U–F bond lengths being longer for fluoride ligands 

engaged in hydrogen bonding (2.177(2) and 2.181(2) Å versus 

2.124(2) Å; Figure S1). The U–F bond lengths are also 

significantly longer than those found in [UF6]– (av. U–F 2.03 Å) 

and [UF6] (av. U–F 1.98 Å),[10] but comparable to those of 

organometallic U(IV) complexes such as [Cp*2UF2(py)] (Cp* = 

pentamethylcyclopentadienide, py = pyridine; av. U–F 2.15 Å) and 

[Cp3UF] (Cp = cyclopentadienide; U–F 2.11 Å).[11] 

The temperature dependence of the magnetic susceptibility-

temperature product, T, of 1 is shown in Figure 2a. From 0.35 

cm3 K mol–1 at 300 K, it nearly vanishes to 5  10–3 cm3 K mol–1 at 

1.8 K, which is far from the 1.60 cm3 K mol–1 value expected for 

the Russell-Saunders atomic ground state term of the 5f2 

configuration (3H4, gJ = 4/5).[12] The T value at 300K is consistent 

with temperature independent paramagnetism due to interaction 

with low energy excited states. In order to obtain experimental 

information on the nature of the electronic ground state of uranium 

in 1, X-ray absorption spectroscopy (XAS) and X-ray magnetic 

circular dichroism (XMCD) were employed. The spectra of 1 at 

the uranium M4,5 absorption edges were obtained at the ID12 

beamline (European Synchrotron Radiation Facility, ESRF) in 

large magnetic fields of up to 17 T at 4 K. Since the experiments 

were performed on polycrystalline samples, the isotropic XAS 

spectra were approximated from (+ + –)/2, whereas XMCD 

spectra are given by the spectral (+ – –) difference. Here, + (–) 

is the absorption cross-section obtained with helicity and 

magnetization aligned either parallel (+) or antiparallel (–). The 

M4,5 XAS spectra are dominated by strong resonance lines, so- 

called “white lines”,  due  to  dipole-allowed  transitions  from  the  

 

Figure 2. (a) Temperature dependence of the T product ( being the magnetic 

susceptibility defined as M/0H) over the 1.8-300 K range (0.3 K min–1) of a poly-

crystalline sample of 1 obtained with 0H = 1.0 T. (b) Field-dependence of the 

magnetization, M(0H), obtained at 4 K in the 0-7 T range and the scaled field 

dependence of the XMCD signal measured in the 0-17 T range at a photon 

energy of 3727.3 eV corresponding to the maximum of the XMCD signal at the 

M4 edge. 

 

Figure 3. (a) Isotropic XAS spectra of 1 obtained at the M5 and M4 edges shown 

on the same relative energy scale (see Supporting Information) The gray line 

represents the step function used for spectra integration. The inset is a 

magnification of the first EXAFS oscillation used to build the relative energy 

scale. (b) XMCD spectra of 1 (black lines) obtained at the M5 and M4 edges in 

a magnetic field of 0H = 17 T at T = 4 K. The filled patterns indicate the integrals 

employed for the magneto-optical sum rules analysis. The theoretical XMCD 

spectra for both the 5f2 (green trace) and 5f3 (navy trace) configurations were 

obtained from multiplet calculations employing the ligand field parameters 

extracted from ab initio calculations (vide infra, Figures S2 & S3). 

spin-orbit split 3d3/2,5/2 levels into the magnetic 5f states along with 

much weaker 3d → 6p and 3d → continuum transitions. 

According to the dipole selection rule (j = 1), the larger M5 white 

line intensity primarily reflects the population of the 5f7/2 states and 

the weaker M4 intensity only the 5f5/2 states.[13] In Figure 3a, the 

XAS spectra M4,5 are shown on the same relative energy scale 

that is obtained by shifting the original spectra (Figure 3b, gray 

trace) in order to perfectly overlap the first EXAFS oscillation 

(inset Figure 3a). It is apparent, that the absorption maxima of the 

M5 and M4 white lines are at different photon energies separated 

by 0.8 eV with the M4 peak being at lower photon energies. This 

energy splitting is due to spin-orbit coupling of the 5f states. In a 

spherically symmetric ligand field, the magnitude of this gap can 

be approximated by ΔE = 7/25f, where 5f is the spin-orbit 

parameter for the 5f electrons. The angular part of the spin-orbit 

interaction for the 5f states, ilisi, can be obtained using the so-

called spin-orbit sum rule which relates its ground state 

expectation value to the branching ratio of the isotropic X-ray 

absorption intensities.[14] For uranium M4,5 edges, one obtains 

2ilisi/3nh5f  –5/2[BR – 3/5], where BR is given by IM
5
/(IM

5
 + IM

4
) 

(“I” indicates the integral over a white line) and nh5f is the number 

of holes in the 5f levels.[15] For essentially ionic complexes such 

as [UF6]2–, the number of holes in the 5f levels amounts to nh5f = 

12. The experimental value of BR = 0.727  0.005 of 1 results in 

ilisi/ℏ2  –5.7, which is significantly larger than the values 

obtained by atomic calculations on the 5f2 configuration of –3, –4, 



          

 

 

 

 

and –3.88 in the Russell-Saunders, jj, and intermediate coupling 

scheme, respectively.[16] However, it corresponds surprisingly well 

to the jj or intermediate coupling scheme values (–6 and –5.34) 

for a 5f3 configuration, which, however, is incompatible with the 

chemical identity and magnetization data of the present system. 

One should bear in mind that the spin-orbit sum rule has been 

derived assuming no hybridization between the core and valence 

state and neglecting the core-valence interaction. The observed 

deviation from theory is thus not unexpected because of the highly 

localized nature of the 5f states in 1, where core-valence 

interaction could be very strong. Indeed, such discrepancies with 

theoretical models have already been observed in electron 

energy loss spectroscopy results obtained on various U(IV) oxide 

minerals.[17] 

The normalized XMCD spectra at the uranium M4,5 edges are 

shown on Figure 3b. Sizeable dichroism signals are observed at 

both M4 and M5 edges. The spectral shape of the XMCD at the M5 

edge is in very good agreement with the one estimated from 

multiplet calculations for the 5f2 configuration with a cubic ligand 

field (Figure 3b, green trace), and with experimental results on 

U(IV)-containing metals.[13] This favorable comparison of uranium 

M5 XMCD spectral shape, which is extremely sensitive to the 5f 

occupation, confirms also the 5f2 configuration of uranium in 1. To 

deduce the magnitudes of the magnetic moments carried by the 

uranium 5f states, one can use the so-called magneto-optical sum 

rules, which relate the integrals of the XMCD spectra to the orbital 

(orbital sum rule)[18] and spin (spin sum rule)[19] magnetic 

moments. Unfortunately, the spin sum rule is based on the same 

approximation as the spin-orbit sum rule, and can therefore hardly 

be applied to our XMCD spectra. Nevertheless, the orbital sum 

rule remains valid irrespective of this approximation and 

numerical integration of the XMCD spectra shown in Figure 3b 

affords Morbital = 0.47 B. The spin moment, Mspin, may hereafter 

be determined by first scaling the magnetization curve measured 

by monitoring the M4 XMCD signal as a function of applied 

magnetic field (shown in Figure 2b) to the macroscopic 

magnetization data. This procedure allows the estimation of the 

absolute magnetization at 17 T, which amounts to only Mtotal = 

0.060(4) B, thereby yielding Mspin = –0.41 B through the Mtotal = 

Morbital + Mspin relation. Thus, the analysis of the XMCD spectra 

reveals, unambiguously, the existence of sizable orbital and spin 

magnetic moments in 1 despite a low bulk magnetic moment. 

Similar cancellation of spin and orbital magnetizations for uranium 

has been already observed in itinerant 5f systems like UFe2 using 

neutron scattering and confirmed by XMCD.[15] Here we 

demonstrate that the spin-orbital cancellation is not limited to 

metallic systems with strongly delocalized 5f states but is also 

present in a molecular system with much higher degree of 5f 

localization. 

Ab initio CASSCF[20] calculations based on the 

crystallographic geometry of the [UF6]2– complex predict 

significantly lower orbital and spin magnetic moments of the 

ground state (Morbital = –0.056 B and Mspin = 0.020 B). The 

addition of dynamic correlation by the NEVPT2[21] method does 

not significantly modify the CASSCF picture (Morbital = –0.051 B 

and Mspin = 0.018 B). Considering the idealized high-symmetry 

environment of the [UF6]2– moiety, it is reasonable to explore the 

influence of vibronic effects on the magnetic properties of the 

complex. CASSCF results indicate that the A1g ground state is 

separated from the excited states by more than 1000 cm–1 for both 

the crystal structure model and an idealized octahedral geometry. 

Thus, there is no ground state degeneracy and vibronic effects 

must be related to a pseudo-Jahn-Teller mechanism.[22] To 

evaluate if vibronic coupling impacts the magnetic moments, a 

Hamiltonian was built with diagonal elements corresponding to 

state energies including spin-orbit effects (quasi-degenerate 

perturbation theory, QDPT) and a Zeeman term. The state 

interaction between the ground state, 0, and an excited state, a, 

is represented by the expression: 

H0a = –μBμ0(g
e
S0a + L0a)∙H + F0a 

where S0a,i = ⟨a|Ŝi|0⟩ and L0a,i = ⟨a|L̂i|0⟩ for i = x, y and z. 

The first term corresponds to the Zeeman interaction and the 

second is the linear vibronic contribution with coupling constants: 

F0a= ⟨a|
dĤ0

dQ
|0⟩ 

where H0 is the QDPT Hamiltonian evaluated at the 

crystallographic geometry, 0 and a are ground state and 

excited state wave functions, respectively. Vibronic state 

interaction between excited levels was omitted from this treatment 

since many excited states are degenerate at the reference 

geometry. A model accounting for this interaction would require 

an explicit description of the active normal modes mixing each 

degenerate manifold. As the present interest focuses on the 

ground state magnetic moment, it is not necessary to include 

these terms. To estimate F, CASSCF calculations were 

performed at slightly displaced geometries and matrix elements 

were obtained by numerical differentiation (See Supporting 

Information for further details). The geometry was distorted 

towards the perfect octahedron. Vibronic mixing quickly increases 

the magnetic moment and then stabilizes for low displacement 

values (ca. 0.05 a0; a0 is the Bohr radius unit; Figure S4). If we 

consider  = 0.06 a0 as a representative displacement, we obtain 

Morbital = 0.48 B, and Mspin = –0.26 B, which are in reasonable 

agreement with the experiment and point to a vibronic mechanism 

to justify the Morbital and Mspin values. 

To conclude, this work reports on the [UF6]2– complex, which 

is the first example of a structurally characterized hexafluorido 

actinide(IV) complex. Despite of the very weak magnetic moment 

of [UF6]2–, the detailed study and analysis of its magnetic 

properties combining state-of-the-art X-ray absorption 

spectroscopy, magnetometry and quantum chemical calculations 

have demonstrated the existence of relatively large spin and 

orbital magnetic moments. These moments are roughly one 

hundred times larger than those found in related 5d systems with 

electronic singlet ground states.[23] These significant spin and 

orbital components should be considered in the future analyses 

of the magnetic exchange interactions in uranium(IV)-based 

materials and fuel the curiosity for a fundamental understanding 

of the electronic structure and magnetism of other actinide-

containing molecules. 
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COMMUNICATION 

The electronic ground state of the 
weakly magnetic U(IV) was 
studied in great details for the 
simple, structurally characterized, 
[UF6]2– anion combining X-ray 
absorption spectroscopy, ma-
gnetometry and quantum chemical 

calculations. The decomposition 
and quantification of the relatively 
large spin and orbital magnetic 
moments provide key information 
for an improved understanding of 
the complex electronic structures 
of actinide ions. 
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