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Stabilisation and characterisation of a trinuclear uranyl complex 
by ligand-radical formation.
Mukesh K Singh,*a Stephen Sproules,b and Jason B Love*a 

Redox-active ligands can play an important role in the chemistry of 
actinide complexes by facilitating alternative reaction pathways or 
modifying electronic properties. In this regard, we report here the 
synthesis of the first trinuclear uranyl complex of a bridging radical 
ligand, [K(18-c-6)][(UO2Cl2)3(TPymT)] 4.25THF (1). Structural and 
electronic characterisation reveals delocalisation of the radical 
across the bridging ligand and that the stability of the complex is 
entirely dependent on radical formation, with oxidation resulting 
in uranyl decomplexation. This study highlights the interplay 
between radical chemistry and actinide complexes and opens up 
new avenues for further research in this area.

The integration of metal and organic radicals into molecular 
architectures is pivotal in developing materials with exceptional 
electronic and magnetic properties.1 Previous studies on 
transition and lanthanide-metal radical complexes have 
revealed their potential in a range of applications, such as 
catalysis, magnetism, spintronics, molecular electronics, and 
medicine.1-2 The radical centers within these complexes 
facilitate unique reaction pathways that significantly enhance 
catalytic efficiency and selectivity,2b while also contributing to 
novel magnetic properties crucial for high-density storage 
media.3 The direct radical-metal interaction is known to 
enhance intramolecular magnetic exchange coupling, 
mitigating quantum tunnelling of magnetisation and elevating 
the energy barrier for spin reversal.3

In contrast, actinide-based radical complexes remain 
underexplored, with only a few reports on monometallic and 
dimetallic actinide-radical systems.4 Notably, the scarcity of 
triactinide-bridged radical complexes and the absence of 
triuranyl-bridged radical complexes in the literature highlights a 
gap in knowledge.5 In pursuit of suitable bridging ligands for the 
creation of trimetallic radical-bridged complexes, we identified 
2,4,6-tris(2-pyrimidyl)-1,3,5-triazine (TPymT) as a promising 
candidate. Although TPymT has a rich 3d/4d/5d coordination 
chemistry and the capacity to coordinate three metal centers, 
its potential in actinide chemistry is largely unexamined, 
particularly with respect to its ability to form radical anions 
(TPymT•ꟷ).6 
Among actinide complexes, the uranyl dication, [UO2]²⁺, 
represents the least radioactive and most readily available 

actinyl ion, positioning it as the most extensively studied species 
within this category.7 As the most thermodynamically stable 
form of uranium found in nature, it emerges as a significant 
soluble contaminant associated with nuclear waste, raising 
considerable environmental concerns. The structural 
characteristics of the uranyl ion are defined by two linear, 
exceptionally strong U–O bonds due to the overlap of U 5f and 
6d orbitals with O 2p orbitals, resulting in one σ bond and two 
π bonds, culminating in a formal bond order of three. 
Furthermore, the importance of uranyl [UO2]2+ and its facile 
reduction, which facilitates catalytic activities, has become 
widely acknowledged.8 

Fig. 1: The X-ray crystal structure of [K(18-c-6)][(UO2Cl2)3(TPymT)] 4.25THF (1). For 
clarity, all hydrogen atoms and 3.25 THF solvent molecules are omitted. Selected bond 
distances and angles are summarised in Table S1.

With this in mind, we have synthesised and characterised the 
new TPymT-radical anion-bridged tri-uranyl chloride complex, 
[K(18-c-6)][(UO2Cl2)3(TPymT)] 4.25THF (1). This compound 
represents the first example of a TPymT-anion radical-bridged 
trimetallic actinide complex. This study not only contributes to 
the understanding of radical-bridged actinide organometallic 
chemistry but also opens the possibility of new avenues for 
exploring the unique properties of actinide complexes, 
particularly in stabilising low oxidation states of uranium and 
enhancing magnetic exchange interactions.

RESULTS AND DISCUSSION

Stirring a mixture of TPymT (1 eq.), potassium graphite (1 eq.), 
18-c-6 (1 eq.) and [UO2Cl2(THF)3] (3 eq.) in THF in the absence 
of light at room temperature results in the formation of 1, which 
is isolated as dark blue needles after concentration of the 
solution and cooling to –20 oC. When the reaction is undertaken 
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in the absence of potassium graphite and 18-c-6, no interaction 
between the uranyl precursor and the TPymT ligand is seen. The 
X-ray crystal structure of 1 was solved to reveal an intimate ion 
pair comprising a triuranyl TPymT anion linked to a potassium 
cation solvated by 18-c-6 through the equatorial chlorides Cl5 
and Cl6 (Fig. 1 and Fig. S1). The U-Oyl distances range between 
1.746(3) – 1.761(3) Å, indicating slightly stronger U-Oyl bonding 
in 1 compared with [UO2Cl2(THF)3]9 (U-Oyl = 1.765(6) – 1.766(7) 
Å) and the related uranyl(VI) complex of terpyridine 
[UO2Cl2(terpyridine)]10 (U-Oyl = 1.773 – 1.790 Å) (Table S1). It is 
clear from these metrics that the uranium centres in 1 are in the 
+6 oxidation state as uranyl(V) U-Oyl distances are usually >1.85 
Å.7a The Oyl-U-Oyl angles for 1 are linear, ranging from 
174.28(17)ᵒ to 176.15(16)ᵒ. Additionally, each U atom is 
coordinated to two chloride ions, with U-Cl distances ranging 
from 2.6383(12) to 2.6614(13) Å, which are shorter than the U-
Cl distances seen in [UO2Cl2(THF)3] (2.687(3) – 2.698(2) Å) and 
[UO2Cl2(terpyridine)] (2.674 Å), suggesting slightly stronger U-Cl 
bonds in 1. The three uranyl dichloride groups in 1 coordinate 
to the three terpyridine pockets of the TPymT-anion ligand, with 
U···U separations between 6.7046(4) and 6.8266(5) Å. A 
potassium ion from the [K(18-c-6)]+ counter cation coordinates 
to both Cl5 and Cl6 ions bound to U3. Adjacent 
[(UO2Cl2)3(TPymT)] molecules are found to interact through 
U=O···π(pyrazine) and U-Cl···H(TPymT) intermolecular 
interactions (Fig. S1-S2). 
To further understand the U-Oyl bonding, Quantum Theory of 
Atoms in Molecules (QTAIM)11 and Wiberg bond index 
analysis12 were carried out for 1 and compared against 
[UO2Cl2(THF)3] and [UO2Cl2(terpyridine)] (Table S2-S3). From 
the QTAIM data, the greater total electron density (ρ), along 
with negative Laplacian of electron density (∇ 2ρ) and energy 
density (H(r)) at the U-Oyl bond critical point (BCP), suggests 
stronger polar covalent U-Oyl bonding in 1 compared with both 

Fig. 2: X-band EPR spectrum of [K(18-crown-6)][(UO2Cl2)3(TPymT)] 
4.25THF (1) recorded in THF solution at ambient temperature 
(experimental conditions: frequency, 9.8579 GHz; power, 6.3 mW; 
modulation, 0.4 mT). Experimental data are shown by the black line and 
simulation by the red trace. 

Fig. 3: DFT computed spin density plot showing radical-spin delocalised 
mainly on the triazine part of the TPymT ligand (a); and radical-based 
SOMO which shows predominantly ligand-centred π-character with 
minor metal d/f contribution (b),  and [(LUMO) – (LUMO+3)] (c-f), 
respectively, for 1.  

Fig. 4: UV-Vis-NIR absorption spectrum of 1 (THF, 350 – 900 nm) at 
different time intervals after the solution is exposed to air. The result of 
the time-dependent density functional theory (TDDFT) calculation of 1 
is overlaid (green bars), suggesting TPymT-radical-based SOMO → U(5f) 
electronic transitions for most of these transitions, which disappear 
after exposure to air. The orbitals involved in the TPymT-radical-based 
SOMO → U(5f) electronic transitions are shown in Fig. S6 of ESI, which 
have more than 10% contributions.

(a) (b
)

(c) (d
)

(e
)
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Fig. 5: Overlapped Raman spectra for Red: 1, Black:5 minutes and light-grey: 15 minutes, respectively, after exposing the solid sample to air.

[UO2Cl2(THF)3] and [UO2Cl2(terpyridine)] (Table S2 and Fig. 
S3).13 This is further supported by DFT-calculated Wiberg bond 
indices for the U-Oyl bonds of 1 of 2.1343-2.1914, which are 
found to be slightly greater than those of [UO2Cl2(THF)3] 
(2.1193-2.1439) and [UO2Cl2(terpyridine)] (2.1554-2.1324) 
(Table S3). To explore the radical nature of 1, its X-band EPR 
spectrum was recorded in THF and is found to display a 
resonance at giso = 1.9937, a value similar to other uranyl 
complexes bound to an organic radical ligand (Fig. 2).14 In this 
case, the presence of the three U(VI) centres causes broadening 
of the resonance, obscuring any hyperfine interactions from 
protons or nitrogen. Additionally, the g-value is slightly 
decreased due to spin-orbit coupling effects.14 Spin density 
analysis, computed using density functional theory (DFT) on 1, 
indicates that the single electron is predominantly delocalised 
in π* orbitals of the 1,3,5-triazine moiety of the bridging ligand 
(Fig. 3) and specifically on the central triazene and a single 
pyrimidine arm with the shortest average U-N(pyrimidine) 
bonds.

The UV-Vis-NIR absorption spectrum for 1 in THF is 
characterised by two broad peaks in the range of 500 – 750 nm 
and several small, sharp stair-type peaks between 400 – 500 nm 
(Fig. 4). The calculated TDDFT spectra15 of 1 indicate that most 
electronic transitions occurring in the range of 500 - 750 nm are 
associated with transitions from the singly occupied π*-triazine 
radical molecular orbital (SOMO) to LUMO unoccupied π*-
triazine radical molecular orbital and empty uranium 5f-based 
molecular orbitals (Fig. S4-S6). Notably, after exposure of the 
solution of 1 to air for 10 seconds, measurements taken at 
three-minute intervals reveal the disappearance of these 
transitions (Fig. 4). Crystals grown from solutions of 1 exposed 
to air were identified as the uranyl starting material 
[UO2Cl2(THF)3]. These observations show that the radical nature 
of the TPymT ligand is critical for uranyl coordination. To further 
investigate the spectroscopic characteristics of 1, solid-state 

FTIR and Raman analyses were undertaken. The FTIR spectrum 
of 1 shows the U-Oyl asymmetric stretch (ν3) at 912 cm-1 (Fig. 
S7), lower in energy relative to [UO2Cl2(THF)3] (939 cm-1). A 
strong absorption at 1100 cm-1 is assigned to [K{18-c-6)]+, 
similar to that reported previously.16 The Raman spectrum of 1 
exhibits a broad symmetric U-Oyl stretch (ν1) at 830-840 cm-1 
(Fig. 5 and S8). Additionally, a strong peak around 1010 cm-1 is 
seen that corresponds to metal-coordinated TPymT radical.6i,17 
Following exposure to air, measurements taken after 5 minutes 
and 15 minutes reveal a decrease in the intensity of the 
symmetric uranyl stretch (ν1) and the vibrations of the TPymT 
radical with new absorptions at 858 cm-1 and 1025 cm-1 
appearing and increasing in intensity. These latter peaks are 
attributed to the symmetric stretch (ν1) of free uranyl and free 
ligand (TpymT), respectively, suggesting that 1 dissociates into 
starting materials upon exposure to air. In an attempt to 
reproduce both the Raman-active symmetric U-Oyl stretch (ν1) 
and the IR-allowed U-Oyl asymmetric stretching (ν3), DFT 
calculations on [(UO2Cl2)3(TpymT)]•― were carried out (Fig. S9 
and ESI PowerPoint for the selected computed frequencies). 
Three Raman-active symmetric U-Oyl stretches (ν1) are seen in 
the range of 853 to 871 cm⁻¹, while four IR-active asymmetric 
stretches (ν3) are identified between 929 and 951 cm⁻¹. 
Additionally, four absorptions associated with the TpymT-
radical ligand are found in the range 1037 to 1060 cm⁻¹. These 
calculated vibrations align well with the experimental data, with 
a slight shift of the calculated frequencies to the lower energy 
region.

In summary, the first trinuclear uranyl chloride complex of a 
TPymT radical anion was synthesised and characterised. 
Comprehensive structural, spectroscopic, and computational 
analyses underscored the radical nature of the complex and 
revealed its sensitivity to oxidation. This latter aspect 
highlighted the ability of the TPymT ligand to coordinate to 
uranyl solely as a ligand radical and not as a neutral ligand. 
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These results may contribute to the future design of novel 
materials with unusual catalytic and magnetic properties and 
provided insight into nuclear waste management.
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Data availability
Experimental and computational details, along with additional data, are available in the supplementary 
information (ESI). The ESI PowerPoint file has the animations of the selected computed IR and Raman 
frequencies. See DOI: xxxxxxxx.
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