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We report the synthesis and characterisation of isostructural 
thorium(IV)- and uranium(IV)-silanide actinide (An) complexes, 
providing an opportunity to directly compare Th-Si and U-Si 
chemical bonds. Quantum chemical calculations show significant 
and surprisingly similar An%:Si%, 7s-, 6d-, and 5f-orbital 
contributions from both elements in polarised covalent An-Si 
bonds, and marginally greater covalency in the U-Si vs Th-Si 
linkages.

The actinides (An) are used for nuclear energy generation, and an 
improved knowledge of An bonding regimes is important to fully 
address issues associated with recycling, reprocessing and long-term 
storage of radioactive An compounds.1 An silicides have been 
mooted as potential nuclear fuels due to their high An content and 
greater thermal conductivity than conventional UO2 fuel rods, and 
results from fundamental studies of An-Si bonds can potentially be 
transferable to more applied research for the future adoption of 
these materials in nuclear fuel cycles.2–5 Quantification of An 
chemical bonding can present logistical issues associated with 
sample transport and local rules at analytical facilities for radioactive 
samples, but molecular An complexes are ideal model systems for 
providing these data.6–8 In comparison to the d-block,9 there are 
relatively few structurally characterised examples of An-metalloid 
bonds,10–17 which can be attributed to their polar and kinetically 
labile bonding regimes resulting from radially contracted An valence 
orbitals.1,18 

Whilst numerous complexes containing An-C bonds are known 
for a wide variety of ligand types,19–23 the molecular chemistry of 
heavier An-tetrels is in its infancy.10,14,15 Only one matrix isolation 
study of An-Si bonding has been reported,24 and molecular examples 
remain rare;25,26 the only structurally authenticated polarised 
covalent U(IV)-Si bond was disclosed in 200114 and two silylene 
complexes exhibiting dative U(III)-Si bonds were reported in early 

2020.15 We envisaged that the hypersilanide ligand, {Si(SiMe3)3}-, 
which dominates f-block silanide chemistry14,27–30 and has notable 
Zr(IV) and Hf(IV) complexes,31–33 could be combined with a 
supporting {An(IV)(Cp′)3}+ (An = Th, U, Cp′ = C5H4SiMe3) framework, 
providing an opportunity for Th vs U comparisons. The earliest 
reports of An(IV)-Si complexes utilised parent Cp (C5H5) ancillary 
ligands,25,26 thus we reasoned that the increased steric bulk of Cp′ 
would provide additional kinetic stabilisation of any An-Si linkages. 

Salt metathesis reactions of [An(Cp′)3Cl] (1-An, An = Th, U)34 with 
one equivalent of KSi(SiMe3)3 in toluene, followed by work-up and 
recrystallisation from pentane, yielded colourless or green plates of 
[An(Cp′)3{Si(SiMe3)3}] (2-An, An = Th, 74%; U, 64%), respectively 
(Scheme 1). A U(IV) stannyl complex [U{N(CH2CH2NSiiPr3)3}(SnMe3)]19 
and a U(IV) silyl complex [U{N(tBu)(C6H3Me2-3,5)}{Si(SiMe3)3}]16 were 
both previously prepared by analogous salt metathesis strategies.

Scheme 1. Synthesis of 2-An by the reaction of 1-An with KSi(SiMe3)3.

Single crystal XRD data reveals An-Si bond lengths of 3.1191(8) Å 
(2-Th, Figure 1) and 3.0688(8) Å (2-U, Figure S23), which are both ca. 
0.2 Å longer than the sum of single bond covalent radii reported by 
Pyykkö of 2.91 Å for Th-Si and 2.86 Å for U-Si.35 Complex 2-Th exhibits 
the first structurally authenticated example of a Th-Si bond, but we 
note that the U-Si bond length of 2-U is 0.03 Å shorter than that 
found for the only previously reported U(IV)-Si bond in 
[U{N(tBu)(C6H3Me2-3,5)}3{Si(SiMe3)3}] (3.091(3) Å),14 likely due to the 
lower steric demands of Cp′ vs the amide {N(tBu)(C6H3Me2-3,5)}-. As 
expected, the U-Si bond length in 2-U is ca. 0.11 Å shorter than those 
in the U(III)-silylene complexes [U(Cp′)3{Si(NMe2)[PhC(NtBu)2]}] 
(3.1637(7) Å) and [U(Cp′)3{Si[PhC(NiPr)2]2}] (3.1750(6) Å),15 which is 
consistent with the smaller six-coordinate ionic radius of U(IV) (0.89 
Å) vs U(III) (1.025 Å).36 To facilitate the inclusion of a hypersilanide 
group at the An centres of 2-An the Cp′ ligands rearrange from their 
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orientations in the precursors 1-An34 so that all three Cp′ 
trimethylsilyl substituents are situated at the opposite side of the 
molecule to the An-Si bond; a similar arrangement of Cp′ ligands was 
found for the aforementioned U(III)-silylene complexes.15 The 
An∙∙∙Cpcent distances are statistically indistinguishable between 
respective 1-An and 2-An pairs, indicating that the ability of the Cp′ 
ligands to position their trimethylsilyl groups away from the 
{Si(SiMe3)3}- moiety has alleviated the impact on bond distances to 
the ancillary ligands upon the substitution of chloride with a bulkier 
ligand. The central Si atoms of the hypersilanide ligands in 2-An 
deviate significantly from tetrahedral geometries, with mean Si-Si-An 
bond angles of 116.48(6)° (2-Th) and 116.97(7)° (2-U) indicating 
significant steric repulsion between the trimethylsilyl substituents; a 
similar effect was reported for [U{N(tBu)(C6H3Me2-3,5)}3{Si(SiMe3)3}] 
(mean Si-Si-An: 115.43(8)°).14

Figure 1. Solid-state molecular structure of 2-Th at 150 K and displacement 
ellipsoids set at 50 % probability; hydrogen atoms and lattice solvent removed for 
clarity. C, Si and Th atoms are shown as grey, orange, and green respectively. 
Complex 2-U is essentially isostructural and details of that complex can be found 
in the Electronic Supplementary Information (Figure S23, Table S2).

For both 2-Th and 2-U, the 1H NMR spectra exhibit two Cp′-H 
resonances for the α- and β-CH positions (2-Th: δH = 6.26 ppm, 
6.72 ppm; 2-U: δH = 0.25 ppm, 0.37 ppm), and two resonances 
of equal intensity for the two chemically inequivalent 
trimethylsilyl environments (2-Th: δH = 0.34 ppm (Cp-Si(CH3)3), 
0.66 ppm (Si{Si(CH3)3}3); 2-U: δH = –6.67 ppm (Si{Si(CH3)3}3), –
5.62 ppm (Cp-Si(CH3)3)); as expected these signals are 
paramagnetically shifted for 5f2 U(IV) 2-U. The 29Si{1H} NMR 
spectra of 2-An each contain the expected three resonances: for 
2-Th a signal at –108.92 ppm is assigned to the Si atom bonded 
to Th, a shift of 80.64 ppm downfield from KSi(SiMe3)3 (δSi = –
189.56 ppm);37 for 2-U a resonance at –137.09 ppm is attributed 
to the U-bonded Si atom, a downfield shift of 54.25 ppm from 
KSi(SiMe3)3. To verify the δSi assignment of 2-U was not due to 
the presence of paramagnetically shifted Si(SiMe3)4 impurity,30 
we added one equivalent of Si(SiMe3)4 to a sample of 2-U 
(Figures S10-S11) to show that Si(SiMe3)4 resonates at different 
chemical shifts to that of 2-U. Calculated δSi chemical shifts (see 
ESI for full computational details) for the An-bonded Si atom are 
–126.3 ppm and –103.9 ppm for 2-Th and 2-U, respectively, are 
in good agreement with experiment. These downfield δSi shifts 
from alkali metal precursors are consistent with an increase of 
metal charge from +1 → +4, resulting in a greater deshielding of 
electron density on the central Si-atom; the effect is less 

consistent for 2-U likely owing to the paramagnetic shift and 
spin orbit coupling effects.38,39 To the best of our knowledge, 
these are the first reported chemical shifts of Th-Si and U-Si 
interactions detected by 29Si{1H} NMR spectroscopy, precluding  
literature comparisons. The 29Si NMR data for the Cp′ silicon 
atoms for 2-An (2-Th: δSi = –7.87 ppm; 2-U: δSi = –100.89 ppm) 
and 1-An (1-Th: δSi = –8.46 ppm; 1-U: δSi = –62.90 ppm) are 
typical for such complexes, e.g. [Th{C5H3(SiMe3)2-1,3}3H] (δSi = –
8.16 ppm);40 [U(Cp′)4] (δSi = –62.80 ppm);34 there is a small 
change from 1-Th to 2-Th (ΔδSi = 0.60 ppm downfield) and 
although there is a 37.70 ppm upfield shift from 1-U to 2-U this 
is within the upfield limit of reported U(IV) 29Si NMR chemical 
shifts.41 The corresponding chemical shift of the U(III) complex, 
[U(Cp′)3] (δSi = –165.00 ppm),41 is 64.11 ppm upfield of 2-U, 
supporting the proposed U(IV) oxidation state of 2-U. 

The UV-Vis-NIR spectrum of 2-U (Figure S17) was recorded 
in toluene (25 mM). A broad charge transfer band spans the 
ultraviolet and visible regions, tailing off at ~12,000 cm–1, which 
is consistent with the dark green colour of 2-U. The NIR region 
is populated with a series of sharp, weak absorptions (ε = 30–
160 M–1 cm–1) of Laporte-forbidden f → f transitions, which are 
characteristic of intra-configurational transitions of U(IV).42

Powdered samples of 1-U and 2-U were measured by 
variable-temperature SQUID magnetometry in a magnetic field 
of 0.5 T. The magnetic moments of 2-U/1-U at 300 K are 
2.78/2.93 µB and these values tend to zero, decreasing smoothly 
over the temperature range and reaching 0.77/0.46 µB at 2 K 
(Figure S18). This behaviour is characteristic of a 3H4 
uranium(IV) ion, which is a magnetic triplet at room 
temperature and a magnetic singlet at low temperature subject 
to temperature independent paramagnetism.8,43 A notable 
feature of these magnetic profiles is the substantial increase in 
low temperature magnetic moment from 1-U to 2-U (0.46 vs 
0.77 µB), which we attribute to a ligand field effect.44 The 
addition of ligands to free 5f ions contributes to the loss of the 
(2J+1)-fold ground state degeneracy, imparting significant 
mixing of excited states into the “free ion” ground state. This 
effect is dictated by the symmetry, orientation, and strength of 
the ligand field, resulting in variations in the energies between 
the ground and lowest excited states, impacting on variable 
temperature magnetic behaviour.45 As such, the alteration of 
the ligand field through the replacement of chloride in 1-U with 
{Si(SiMe3)3}- in 2-U may induce greater mixing of excited 
multiplets into the 3H4 ground state term, such that there is an 
unequal population of excited states between 2-U and 1-U. This 
stronger ligand field effect of silanide to chloride can be further 
evidenced by the more pronounced deviation from the 
theoretical uranium(IV) free-ion χT value at 300 K (1.60 cm3 mol-
1 K on the basis of 3H4 ground state) for 2-U vs 1-U (0.97 cm3 
mol-1 K for 2-U vs 1.07 cm3 mol-1 K for 1-U, Figure S19).

Scalar relativistic, dispersion-corrected, hybrid density 
functional theory calculations were performed to gain further 
insight into the nature of the An-Si bonding in 2-An; full details 
of the methods employed are given in the supplementary 
information. Computed An-Si bond lengths are 3.071 Å and  
3.012 Å for 2-Th and 2-U, respectively, in good agreement with 
those obtained experimentally. Natural localised molecular 
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orbital (NLMO) analysis finds an An-Si -bonding orbital in each 
molecule, mainly localised on the Si atom but with an 

approximately 30% contribution from the An centre, ca. 5% 
higher in 2-U vs 2-Th (Table 1). The metal character is  primarily 

Table 1 NLMO composition of the An–Si bond in 2-An calculated at the DKH2/PBE0/SARC/cc-pVTZ level of theory.

Table 2 Partial atomic charges, spin densities and An-Si bonding metrics for 2-An from NPA and QCT analysis at the DKH2/PBE0/SARC/cc-pVTZ level of theory. 

6d in both cases, with minor but significant 7s and 5f 
contributions, the latter being ca. 8% higher in 2-U vs 2-Th. 
Overall, these data are rather similar, but follow the trend of 
greater 5f-contribution to the bonding of uranium and greater 
6d-contribution to the bonding of thorium. The Si 3s/3p orbital 
contributions are similar in both cases. Figure 2 presents images 
of these polarised -bonding NLMOs, and the single An-Si -
bond description is supported by the Wiberg Bond Indices in 
Table 1.46 Winston et al. previously found that the polarised U-
Sn σ-bond in [U{N(CH2CH2NSiiPr3)3}(SnMe3)] has similar electron 
density distributions (25 U:75 Sn)19 to the An-Si bonds in 2-An.

Figure 2. The An-Si bonding NLMOs of 2-Th (–7.408 eV, left) and 2-U (–7.418 eV, 
right). Hydrogen atoms omitted for clarify. C, Si and An atoms shown as grey, 
orange, and green, respectively. Isovalue = 0.05 au.

Table 2 presents Natural Population and Quantum Chemical 
Topology (QCT) analysis of 2-An. Both techniques reveal 
decreased An/Si partial charge separation in 2-U over 2-Th, 
suggesting increased covalency in the former, supporting the 
NLMO composition breakdown. Greater An-Si covalency in 2-U 
is also evidenced by the slightly larger bond critical point (BCP) 
electron density ρBCP and An/Si delocalisation indices DI(An,Si); 
the BCP energy densities HBCP are also suggestive of a degree of 
covalency in both An-Si linkages. These bonding metrics show a 
higher degree of U-Si covalency in 2-U than the previously 
reported U(III)-Si model complex [U(Cp′)3{Si(NCHMes)2}] 
(DI(U,Si) = 0.525, ρBCP = 0.037, HBCP = –0.006).47 The NPA and QCT 
spin densities support the U(IV) assignment, and the An-Si BCP 
ellipticities (Table S3) are very close to zero, indicating a 
spherically symmetric distribution of electron density at the 
BCP, characteristic of a σ-bond.

Some of us recently reported our first use of the QCT 
interatomic exchange-correlation energy VXC as an actinide 
element covalency metric.48 This was found to have excellent 
agreement with both NBO-based metrics and delocalisation 
indices. The values for 2-Th and 2-U are given in Table 2. As with 
all the other data presented, these evidence An-Si covalency 
that is slightly larger for the U system vs the Th system.

To conclude, we have reported the synthesis and 
characterisation of isostructural Th(IV) and U(IV) silanide 
complexes. Computational analysis of the An-Si bonding in 2-Th 
and 2-U reveal similar polarised covalent single -bonds, 
though a range of computational metrics consistently show 
marginally greater covalency in the U-Si bond. The An-Si 
interactions are kinetically stable in the solid state, and in 
solution for non-polar solvents. These data confirm a formal +4 
oxidation state of 2-U to match analogous Th(IV) 2-Th, and 
indicate that replacement of a chloride in 1-An with the 
hypersilanide ligand tends to increase the overall ligand-field 
splitting; the strong trans-influence of silanide ligands is well-
documented in d-block chemistry,49 and the strong -donor 
nature of silanides is evidenced here by an increased low 
temperature magnetic moment of 2-U vs 1-U. 
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An Orbital Contribution [%] Si Orbital Contribution [%]
Complex An [%] Si [%]

7s 7p 6d 5f 3s 3p
Wiberg 
Index

2-Th 28.0 67.0 14.2 0.3 72.0 13.5 36.5 63.3 0.76
2-U 33.1 61.7 12.9 0.1 65.6 21.4 36.8 62.9 0.78

NPA QCT

Complex q(An) q(Si) Spin density 
(An) q(An) q(Si) An–Si 

ρBCP

An–Si 
HBCP

DI (An,Si) Spin density 
(An)

VXC 

(An,Si)
2-Th 1.24 –0.60 – 2.23 –0.13 0.048 –0.013 0.526 – –0.092
2-U 0.73 –0.51 2.13 2.03 –0.06 0.050 –0.013 0.539 2.08 –0.096
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