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Abstract 

The reaction of 1 equiv of 1-azidoadamantane with [UIII(NR2)3] (R = SiMe3) in Et2O 

results in formation of [UV(NR2)3(NAd)] (1, Ad = 1-adamantyl) in good yields. The 

electronic structure of 1, as well as those of the related U(V) complexes, [UV(NR2)3(NR)] 

(2) and [UV(NR2)3(O)] (3), were analyzed with EPR spectroscopy, SQUID 

magnetometry, NIR-visible spectroscopy, and crystal field modeling. This analysis 

revealed that, within this series of complexes, the steric bulk of the E2- (E = O, NR) 

ligand is the most important factor in determining the electronic structure. In particular, 

the increasing steric bulk of this ligand, on moving from O2- to [NAd]2-, results in 

increasing U=E distances and E-U-Namide angles. These changes have two principal 

effects on the resulting electronic structure: (1) the increasing U=E distances decreases 

the energy of the fs orbital, which is primarily s* with respect to the U=E bond, and (2) 

the increasing E-U-Namide angles increases the energy of fδ, due to increasing anti-

bonding interactions with the amide ligands. As a result of the latter change, the 

electronic ground state for complexes 1 and 2 is primarily fφ in character, whereas the 

ground state for complex 3 is primarily fδ.  
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Introduction 

Actinide-ligand covalency has been studied using a variety of experimental 

techniques, including X-ray absorption spectroscopy,1-8 X-ray crystallography,9-12 NMR 

spectroscopy,13-25 EPR spectroscopy,26-29 and optical spectroscopy.30-32 With respect to 

optical spectroscopy, complexes with the 5f1 electronic configuration have proven to be 

especially useful.30, 33-36 The lack of electron-electron repulsion in this configuration 

allows the spin-orbit coupling to be treated in a relatively straight-forward manner.31, 32 

For example, in 2013 we reported a comprehensive bonding analysis of a series of Oh-

symmetric 5f1 complexes, including [UV(CH2SiMe3)6]-, [UV(OtBu)6]-, and [UVX6]- (X = 

F, Cl, Br),31 which permitted an estimate of the strengths of the ligand-f-orbital 

interactions. More recently, Liddle and co-workers analyzed the optical and EPR spectra 

of the C3v-symmetric U(V) nitride, [UV(TrenTIPS)(N)]- (TrenTIPS = N(CH2CH2NSiiPr3)3), 

and extracted the corresponding crystal field splitting parameters.37 We subsequently 

performed a similar analysis on the bridged-nitride complex, [(NR2)3UV(μ-N)ThIV(NR2)3] 

(R = SiMe3), which also features C3v-symmetry.38 These studies demonstrated that, for 

both complexes, the U-Nnitride interaction strongly destabilizes the fs orbital and (to a 

lesser extent) the fp orbitals.  These two studies are also notable because they demonstrate 

that a detailed crystal field analysis can be successfully performed on symmetries lower 

than Oh, which significantly expands the range of compounds that can be interrogated by 

this method. 

Herein, we report the synthesis of the U(V) 1-adamantylimido complex, 

[UV(NR2)3(NAd)] (1, R = SiMe3), along with a detailed analysis of its U=N bonding. For 

comparison, we performed spectroscopic analyses on the previously reported U(V) imido 
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complex, [UV(NR2)3(NR)] (2), and U(V) oxo complex, [UV(NR2)3(O)] (3).39, 40 Our 

analysis shows that the electronic structures of these complexes are largely dictated by 

the U=E interaction.  Moreover, the differences in their electronic structures are 

attributable to changes in the steric bulk of the E2- (E = O, NR) ligand, which affects both 

the metal-ligand bond lengths and the inter-ligand angles. 

Results and Discussion 

Synthesis. Addition of 1 equiv of 1-azidoadamantane to [UIII(NR2)3] (R = SiMe3) in 

diethyl ether results in the formation of dark green solution concomitant with the 

evolution of gas. From this solution, [UV(NR2)3(NAd)] (1, Ad = 1-adamantyl) can be 

isolated in 56% yield as green needles after work-up (Scheme 1). The 1H NMR spectrum 

of 1 in C6D6 exhibits a broad resonance at -3.92 ppm, which is assignable to the 54 

protons of the NR2 ligands. It also exhibits resonances at 8.45, 10.53, 16.72, and 20.02 

ppm, in a 3:3:3:6 ratio, which are assignable to the four expected proton environments of 

the 1-adamantyl imide ligand. 
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Scheme 1. Synthesis of complex 1. Inset: molecular structures of 2 and 3. 

Storage of a concentrated solution of 1 in diethyl ether at -25 °C for 24 h results in the 

formation of crystals suitable for X-ray analysis. Complex 1 crystalizes in the triclinic 

space group P-1, and its solid state molecular structure is shown in Figure 1. In the solid 

state, 1 adopts a pseudotetrahedral geometry about the U(V) center. The U-Nimido distance 

is 1.945(2) Å and the U-N-C angle is 178.8(2)° (Table 1). These parameters are similar to 

those reported for other U(V) mono(imido) complexes.41-45 For example, 

[UV(NR2)3(NSiMe3)] features a U-Nimido distance of 1.910(6) Å and a similar U-N-C 

angle.39 The U-Namide distances in 1 range from 2.269(2) to 2.272(2) Å, which are 

comparable to those reported for other [UV(NR2)3(E)]-type complexes (Table 1). The 

Namide-U-Nimide angles exhibit a remarkably large range, from 99.12(9) to 123.46(9), 

which is likely a consequence of steric pressure from the adamantyl group. A structural 

comparison of 1 vs. 3 is also informative. In particular, the structure of 3, e.g., 
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[UV(NR2)3(O)], is trigonal pyramidal, wherein the U atom is almost in the plane defined 

by the three N atoms of the NR2 ligands. This difference is most clearly seen in the 

average E-U-Namide angles, which is 93° for 3 vs. 111° for 1. The Namide-U-E angle of 2 

(103°) is intermediate between those of pseudotetrahedral 1 and trigonal pyramidal 3. 

 

Figure 1. ORTEP diagram of [UV(NR2)3(NAd)] (1) with 50% probability ellipsoids. H 

atoms omitted for clarity. 

Table 1. Selected metrical parameters of 1, [UV(NR2)3(NSiMe3)] (2), [UV(NR2)3(O)] (3), 

[UV(NR2)3(NCPh3)], and [Na(12-crown-4)2][UV(TrenTIPS)(N)].39, 40, 43, 46  Space-filling 

diagrams of 3 and [Na(12-crown-4)2][UV(TrenTIPS)(N)], which illustrate the different 

steric profiles of the NR2 and TrenTIPS ligand sets, can be found in the Supporting 

Information (Figure S5). 
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Paramet

ers 

1 2 3 [UV(NR2)3(N

CPh3)] 

[Na(12-crown-

4)2][UV(TrenTIPS)(N)]  

U=E (Å) 1.945(2) 1.910(6)  1.817(1) 1.959(5) 1.83(2) 

U-NR2 

(Å) 

2.269(2), 

2.270(2), 

2.272(2) 

2.29(1) 2.235(1), 

2.244(2), 

2.242(1) 

2.264(3) 2.33(2) 

2.37(2) 

2.37(1) 

N-U-E 

(°) 

110.59(9), 

123.46(9), 

99.12(9) 

111.1 (av.) 

103(2) 92.53(6), 

92.16(6), 

92.48(5) 

92.4 (av.) 

113.90(7) 107.9(10) 

115.1(6) 

112.0(7) 

110.5 (av.) 

N-U-N 

(°) 

101.23(8) 

116.38(8) 

106.96(9) 

115(2) 119.30(5), 

118.16(5), 

122.02(5) 

104.70(8) 108.0(5) 

107.2(5) 

110.1(5) 

U-N-C 

(°) 

178.8(2) 180 - 180 -- 

 

Electronic structure of pentavalent [UV(E)(NR2)3] complexes in D3h symmetry. The 

splitting of the 5f1 states in complexes with strongly bound axial ligands has been 

investigated for [NpVIO2]2+,35, 36, 47, 48 [UV(TrenTIPS)(N)]-,37 and [(NR2)3UV(μ-

N)ThIV(NR2)3]38. The electronic structure of [UV(TrenTIPS)(N)]- has been studied in detail 

by both ab initio calculations and crystal field modeling. It has a high-lying 5f excited 

state at ~18000 cm-1 largely due to the U-N s* interaction. In addition, the complex has a 

ground state with mj = ±5/2 and a low-lying excited state with mj = ±3/2, which is around 

300 cm-1 higher in energy. The results of the ab initio calculations were in good 

agreement with the energies of the 5f-5f transitions observed in the NIR. The other 

notable study is that performed on [NpVIO2]2+ by Eisenstein and Pryce, who used crystal 
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field theory to explain the electronic structure and optical spectrum of the neptunyl ion.35 

We can use the same approach, in combination with the results of the ab initio 

calculations on [UV(TrenTIPS)(N)]-, to describe how the crystal field and spin orbit 

coupling (SOC) result in the electronic structures of 1-3 and [UV(TrenTIPS)(N)]-.  

Following the approach used by Eisenstein and Pryce, the states are represented as |ml 

msñ where ms is + or – to represent +1/2 and -1/2.35 In D3h symmetry, the 5f1 states consist 

of seven Kramers doublets, which are pairs of states with opposite signs of ml and ms, 

e.g., |1+ñ and |-1-ñ. For brevity, only the component of the Kramers doublet with ml ≥ 0 

are shown in Figure 2 and discussed in the text. To better visualize how the crystal field 

and spin orbit coupling (SOC) affect the NIR spectra of these complexes and to generate 

starting values for these parameters, the splitting of the 5f states can be expressed to 

zeroth-order (parameters only affect the energies of the states and do not mix the states) 

in D3h symmetry. The zeroth-order splitting of the states is shown in Figure 2 and is 

based on the assumptions that the crystal field of the oxo or imido ligand is larger than 

the spin orbit coupling (SOC), and that SOC is slightly larger than the crystal field 

splitting due to the three NR2 ligands. This scheme was used by Eisenstein and Pryce to 

investigate the electronic structure of NpVIO22+.35 At the left, the energies of the states are 

shown without SOC and assuming axial symmetry. The initial ordering reflects the 

presence of both the strongly bound oxo or imido ligand and the more weakly bound NR2 

ligands, and the ordering is largely based on the ab initio calculations of the states found 

in [UV(TrenTIPS)(N)]- in the absence of SOC.37 Therefore, the energy of fφ, E3, is greater 

than that of fδ, E2, because the NR2 ligands lie close the XY plane, especially in 3. The 

effect of SOC is shown in the middle of Figure 2; SOC splits the 5f1 states into seven 
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Kramers doublets. Finally, the right side of Figure 2 shows the effect of reducing the 

symmetry from axial to D3h, which mixes the |3+ñ and |3-ñ states.  

 

 

Figure 2. Zeroth-order splitting of the 5f1 states of [UV(E)(NR2)3] complexes (not to 

scale). Horizontal lines correspond to Kramers doublets of which only the component 

with ml ≥ 0 is shown. The states are shown as |ml msñ where ms is indicated by + or -. 

 

In D3h symmetry, the highest energy 5f state is |0+ñ, which is U=E s antibonding. The 

next three states are |1+ñ and |1-ñ, which are U=E p antibonding, followed by |3+ñ, which 

is U-NR2 s antibonding if the -NR2 ligands lie in the XY plane. The relative energies of 

|1-ñ and |3+ñ depend on the values of E1 and E3. The final three states, |2+ñ, |2-ñ, and |3-ñ 
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are weakly U-NR2 antibonding. The lowest energy states are |3-ñ and |2-ñ, and the identity 

of the ground state depends on the strength of the U-NR2 interaction, as well as the 

geometry of the complex. As shown previously, the ground state in pseudotetrahedral 

complexes is |3-ñ,35-38 but E3 increases relative to E2 as the complex adopts a geometry 

closer to trigonal pyramidal, as in 3. As a result, the calculated ground states of 3 and 

[UV(O)(TrenTIPS)] are |2-ñ, likely due to their deviations from pseudotetrahedral 

symmetry.37, 40 

Electron paramagnetic resonance (EPR) spectroscopy. EPR spectroscopy provides 

information about the nature of the ground state, which can be used to assign |ml msñ. In 

particular, the g|| values of |3-ñ and |2-ñ are 4 and 2, respectively, whereas g⊥ is zero in 

both cases.49 The crystal field and spin orbit coupling will alter these values, but the 

observed EPR transition is likely due to g|| because g⊥ is small unless there is a large 

degree of mixing among the states. The EPR spectrum of 3 (recorded at 3K) consists of a 

single peak with g = 2.17, which suggests a |2-ñ ground state.40 The EPR spectra of 1 and 

2 at 3K are shown in Figure S3. In 1, g|| is 3.60, which is consistent with a |3-ñ ground 

state. For 2, g|| is 2.50 for 2, which is consistent with either |3-ñ or |2-ñ as the ground state. 

The other features in the spectra are due to crystallites from incomplete powder 

averaging. Their presence indicates that the resonance field for g⊥ is larger than 1 T; thus, 

g⊥ is less than 0.7 for complexes 1-3 (and outside of the range of the spectrometer). 

Near-Infrared spectroscopy. The Vis-NIR spectra of 1-3 were recorded in toluene and 

modeled using pseudoVoigt peaks (Figures 3-5). The positions of the peaks are given in 



 11 

Table 2. In all spectra, the |0+ñ peak can be identified as the intense peak (relative to the 

other 5f-5f transitions) on the shoulder of a much more intense peak at higher energy. 

The much greater intensity of the |0+ñ peak relative to the other 5f-5f peaks is consistent 

with greater orbital mixing between the U 5fs and E 2pz orbitals relative to the other 

interactions (due to “intensity stealing,” which relaxes the selection rule for the symmetry 

forbidden 5f-5f transitions), which is in turn consistent with the short U=E distances 

observed in these compounds.50 The total number of peaks observed in the NIR region is 

six for 1 and 2 and five for 3. The spectra of 1 and 2 are similar in that each has a strong 

|0+ñ peak above 15000 cm-1 followed by two sets of two peaks that are close together in 

energy. The spectrum of 3 is somewhat different. While it too has a strong |0+ñ peak, the 

other peaks are well separated in energy.  

 

 

Figure 3. Room temperature Vis-NIR absorption spectrum for 1 (0.52 mM, C7H8). Inset 

shows magnified NIR spectrum. 
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Figure 4. Room temperature Vis-NIR absorption spectrum for 2 (0.52 mM, C7D8). Inset 

shows magnified NIR spectrum. 

 

Figure 5. Room temperature Vis-NIR absorption spectrum for 3 (0.54 mM, C7D8). Inset 

shows magnified NIR spectrum. 
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are comparable to the moments reported for other U(V) complexes.41, 51, 52 Complex 3 

exhibits a much lower effective magnetic moment of 1.59 μB at room temperature.40 This 

value is comparable to that of the U(V) terminal oxo complex reported by Liddle, 

[UV(O)(TrenTIPS)], which is 1.79 µB at 300 K.53 The plot of cT vs T for 2 shows a distinct 

change in slope on traversing from 70 to 100 K, which indicates that an excited state 

becomes populated at these temperatures. The population of an excited Kramers doublet 

is ~5% when the thermal energy is 1/3 of the energy of the state, which is often sufficient 

to see a change in the slope of the cT vs T plot. For both 1 and 3, the plots of cT vs T are 

roughly linear, which means that either (1) only the ground state is thermally populated to 

300 K, or (2) the magnetic moment of the excited state is sufficiently similar to that of the 

ground state that it does not change the slope of cT vs T. An example of the latter effect 

is seen in the magnetic susceptibility of PuO2, which is linear from 0 K to 1000 K even 

though exited states become thermally populated.54, 55 
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Figure 6. Magnetic susceptibility (as χT) of complexes 1-3. Data are shown as open blue 

symbols, fits to the data are shown as solid black lines.  
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of merit used to determine which symmetry best fits the data is reduced chi-squared, 

𝜒!" =
#

$%&
∑ $1 − 𝑦'()',+ 𝑦%,-,+⁄ )"+  , where y is the magnetic susceptibility or the energy of 

an excited state, and DoF (degrees of freedom) is the number of independent data (the 

number of 5f excited state transition energies observed plus the number of independent 

data in the magnetic susceptibility measurement) minus the number of parameters. The 

number of independent data in the magnetic susceptibility measurement may be 

estimated using van Vleck’s second-order susceptibility formula, 𝜒 = .
∑0!

∑ 𝑝+ +
12!

(#)3
%

45
−+

2𝐸+
(")., where 𝑝+ = 𝑒𝑥𝑝1−𝐸+

(8) 𝑘𝑇⁄ 4, 𝐸+
(#) = ⟨𝜓+|𝜇9|𝜓+⟩, and 𝐸+

(") = ∑
:;𝜓+ :𝜇9:𝜓<=:

%

2!
(&)>2'

(&)< .57 

The ground state provides two independent data, 𝐸8
(#) and 𝐸8

(") (𝐸8
(8) is zero and provides 

no information), and each excited state that becomes populated over the temperature 

range studied provides three independent data, 𝐸+
(8), 𝐸+

(#), and 𝐸+
("). The population of an 

excited Kramer’s doublet state is ca. 5 % when the thermal energy is 1/3 of 𝐸+
(8). Since 

kT at 300 K is 200 cm-1, excited states with 𝐸+
(8) < 600 cm-1 contribute the susceptibility 

at temperatures below 300 K.  

Initial attempts to model the electronic structures of 1-3 using CONDON 3.0 included 

five observable transitions in the NIR for 1-3. For 1, the peaks at 7658 cm-1 and 7202 cm-

1 were assumed to belong to single transition, and for 2, the peaks at 7467 cm-1 and 7258 

cm-1 were assumed to belong to single transition. While it was possible to identify 

parameters that reproduced five transitions with energies >5000 cm-1 using these 

assumptions, it was not possible to find parameters that reproduced both the transition 

energies and the magnetic data (magnetic susceptibilities and EPR g-values). Most 
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notably, complex 2 has a low-lying excited state that could not be reproduced. In 

addition, studies of structurally-related bridging nitride and terminal nitride complexes 

indicate that these complexes have only four transitions with energies greater than 5000 

cm-1.37, 38 

Based on the previous studies and the inability to identify suitable crystal field 

parameters to fit both the NIR and magnetic data, we hypothesize that only four 

transitions have energies greater than 5000 cm-1, which is not consistent with the number 

of peaks observed. The most obvious explanation for the extra peaks is the presence of 

other compounds; however, the spectra of 1-3 were measured twice on independently-

synthesized materials and the spectra did not vary between samples. Another possible 

explanation is vibronic coupling, which has previously been observed for NpVO22+ and 

[UVX6]- (X = Cl, Br).30, 36, 47, 48, 58, 59 This explanation is plausible if the peaks displaying 

vibronic structure are associated with the U=E bond. Based upon the zeroth-order 

splitting of the 5f1 states, the peaks displaying vibronic structure likely involve |1+ñ and 

|1-ñ, which are U=E p antibonding states. The peak corresponding to a final U=E s 

antibonding state, |0+ñ, does not display resolved vibronic structure, which is likely due 

to the fact that it is a shoulder on a much larger peak, and so the vibronic coupling is not 

observed. Moreover, the |0+ñ peak is broad, which is consistent with unresolved vibronic 

structure. As previously done for [UVX6]-, the energies of the vibronic components of the 

transitions were averaged to determine the energy of the transitions.58  

As noted above, the highest energy peak is due to a transition to |0+ñ, and the other 

transitions may be tentatively assigned using the zeroth-order splitting shown in Figure 2. 

For 1, the peaks at 7568 and 7202 cm-1 were averaged and are assumed to be arise from 
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|1-ñ, whereas the peaks at 9973 and 9144 cm-1 were averaged and assigned to |1+ñ. For 2, 

the peaks at 9414 and 8734 cm-1 were averaged and assigned to |1+ñ, whereas the peaks at 

7467 and 7258 cm-1 were averaged and assigned to |1-ñ. For 3, the peaks at 9832 cm-1 and 

8916 cm-1 were averaged and assigned to |1+ñ. The peak at 7981 cm-1 was assigned to |1-ñ 

and does not appear to have vibronic structure. Finally, the lowest energy peak visible in 

the NIR was assigned to |3+ñ. The transition energies are given in Table 2. 

 

Table 2. Energies of the NIR states for complexes 1-3 and [UV(TrenTIPS)(N)]- 

Zeroth-order [U]=NAd (1) [U]=NR (2) [U]=O (3) [U]≡N- a 

assignment Obs.b Avg.c Obs.b Avg.c Obs.b Avg.c Obs.b,c 

|0+ñ 15434 15435 16955 16955 20262 20262b 18000 

|1+ñ 9973 9559 9414 9077 9832 9374 8900 
9144 8734 8916  

|1-ñ 7568 7385 7467 7363 7981 7981 6900 
7202 7258    

|3+ñ 6245 6245 6097 6097 6022 6022 6060 
|2+ñ  -- --   -- 4700 

a) [UV(TrenTIPS)(N)]-37, 46 

b) Energy of observed peaks in the NIR spectrum 

c) Vis-NIR transitions averaged to account for vibronic coupling (See text for 

discussion). 

 

The transition energies and magnetic susceptibility data were first fit in D3h symmetry 

using CONDON 3.0 with initial parameters determined by fitting the energies of the NIR 

peaks using the zeroth-order model shown in Figure 2. For 1 and 3, the D3h model 

included an additional state just above 5000 cm-1, which is not consistent with the 

observed NIR spectrum (the results of this analysis are summarized in Table 3).  
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However, lowering the symmetry to C3v produces fits with only four states with energies 

greater than 5000 cm-1, in agreement with the observed NIR spectra (fitting parameters 

are given in Table 4 and energies of the states are given in Table 5). In addition, the 

fitting in C3v symmetry produced better agreement than in D3h symmetry as judged by the 

value of cν2 (Table 4), which is based on the fit of the model to the NIR transition 

energies and the variable temperature magnetic susceptibility. The fit in C3v symmetry 

also produces good agreement between the measured and modeled magnetic 

susceptibilities as shown in Figure 6, and the energies of the f-f transitions are also in 

good agreement with observation, which may be seen by comparing Tables 2 and 5. In 

addition, C3v is closer to the actual symmetry of the molecules than is D3h.   

In contrast to the energies of the states, the main component of the states in Table 5 

are not in complete agreement with the zeroth-order prediction in Figure 2. In 3, the only 

difference is a reversal of the order of the lowest two states due its trigonal pyramidal 

geometry, as discussed above. For 1 and 2, the differences are related to mixing of states 

allowed in C3v symmetry. In particular, in 1, the |1-ñ and |2+ñ states can mix because the 

Kramers doublet pair of |1-ñ is |-1+ñ (mj = -1/2), which has a value of mj that is 3 less than 

that of |2+ñ (mj = 5/2). As a result of this mixing, the |1+ñ state in the zeroth-order model 

has more |2+ñ character than |1+ñ character (Table S4). In addition, the ordering of the 

states of 1 determined by crystal field modeling are in agreement with the states of 

[UV(TrenTIPS)(N)]- as determined by ab initio calculation,37 which is reassuring since 

both complexes possess similar pseudotetrahedral geometries. In 2, the |1-ñ (mj = 1/2) and 

|3+ñ (mj = 7/2) states are strongly mixed by the crystal field, changing the ordering of the 

states predicted by the simple zeroth-order model and determined by crystal field fitting. 
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As a result, both states labeled |1-ñ in Table 5 are mixtures of the |1-ñ and |3+ñ states, with 

the lower energy |1-ñ state containing slightly more |1-ñ character than |3+ñ character. 

Overall, the zeroth-order prediction of the ordering of the states in these complexes is in 

agreement with the ordering observed in the crystal field model once the effects of 

lowering the symmetry from D3h to C3v are taken into account.  

Table 3. Calculated energies and the contribution of the largest |ml msñ components of the 

5f states for complexes 1-3 in D3h symmetrya.  

[U]=NAd (1) [U]=NSiMe3 (2) [U]=O (3) 
0.95 |0+〉, 15437 cm-1 0.98 |0-〉, 17009 cm-1 0.98 |0+ñ, 20262 cm-1 

0.92 |1+〉, 9568 cm-1 0.98 |1+〉, 9257 cm-1 0.95 |1+ñ, 9302 cm-1 

0.97 |2+〉, 7379 cm-1 0.98 |1-〉, 7364 cm-1 0.92 |3+ñ, 7975 cm-1 

0.93 |1-〉, 6240 cm-1 0.88 |3+〉, 6056 cm-1 0.98 |1-ñ, 6081 cm-1 

1.00|3+〉, 5039 cm-1 0.88 |2+〉, 3283 cm-1 0.85 |2+ñ, 5267 cm-1 

0.92 |2-〉, 2859 cm-1 0.84 |3-〉, 19 cm-1 0.85 |3-ñ, 603 cm-1 

0.97 |3-〉  0.98 |2-〉 0.95 |2-ñ 
a) ms is represented by “+” for +1/2 and “-” for -1/2. 

 

Table 4. Summary of crystal field fitting for 1-3 in C3v symmetry using CONDON 3.0 

 [U]=NAd (1) [U]=NSiMe3 (2) [U]=O (3) 
B20 (cm-1) 11469 12402 14177 
B40 (cm-1) 13312 22744 26420 
B60 (cm-1) 9744 8272 14747 
B66 (cm-1) 1971 7634 6491 
B43 (cm-1) -6498 -7115 -6340 
B63 (cm-1) -3161 3307 10484 
z (cm-1) 1730 1298 1351 
g|| (exp) 3.60 2.50 2.17 
g|| (calc) 4.05 2.79 1.91 
# of parameters 7 7 7 
# of independent data 6 9 9 
𝜒!" a (0.52)b 0.27 0.12 
𝜒!" a (D3h) 1.51 0.95 0.49 

a) 𝜒!" =
#

$%&
∑ $1 − 𝑦'()',+ 𝑦%,-,+⁄ )"+ , DoF = # of independent data - # of parameters 
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b) Three times the value with 1 degree of freedom (allows comparison to 𝜒!" in D3h 

symmetry) 

 

Table 5. Calculated energies and the contribution of the largest |ml msñ components of the 

5f states for complexes 1-3 in C3v symmetry a 

[U]=NAd (1) [U]=NSiMe3 (2) [U]=O (3) 
0.93 |0+〉, 15433 cm-1 0.94 |0-〉, 16955 cm-1 0.93 |0+ñ, 20262 cm-1 

0.81 |1+〉, 9559 cm-1 0.97 |1+〉, 9054 cm-1 0.75 |1+ñ, 9373 cm-1 

0.80 |2+〉, 7385 cm-1 0.73 |1-〉, 7364 cm-1 0.78 |1-ñ, 7981 cm-1 

0.93 |3+〉, 6245 cm-1 0.65 |1-〉, 6097 cm-1 0.81 |3+ñ, 6022 cm-1 

0.76 |1-〉, 4680 cm-1 0.89 |2+〉, 3758 cm-1 0.78 |2+ñ, 3522 cm-1 

0.92 |2-〉, 1119 cm-1 0.97 |2-〉, 156 cm-1 0.83 |3-ñ, 313 cm-1 

0.92 |3-〉  0.84 |3-〉 0.94 |2-ñ 
a) ms is represented by “+” for +1/2 and “-” for -1/2. 

 

Rather than discuss the relationship between the parameters given in Tables 4 and 5 

and the structures of the complexes, it seems more instructive to determine the energies 

of the 5f orbitals in the absence of SOC and compare how the geometries of the 

complexes affect the orbital energies. Accordingly, the orbital energies are given in Table 

6, and the experimentally derived MO diagrams for complexes 1-3 are shown in Figure 7. 

Most importantly, we observed that changes in electronic structure are primarily related 

to the steric bulk of the E2- ligand, which affects both the metal-ligand bond lengths and 

inter-ligand angles of the complexes. 
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Table 6. 5f orbital energies in cm-1 determined from the parameters in Table 4a 

 [U]=NAd (1) [U]=NSiMe3 (2) [U]=O (3) 
fσ 11473	 15116 18100 

fπ 4988 6591 6533 

fφ 1099 4531 3774 

fδ 713 621 0 

fφ 0 0 229 
a) ms is represented by “+” for +1/2 and “-” for -1/2. 

 

 

Figure 7. Experimentally derived MO diagrams for 1-3, drawn with a fixed average 5f 

orbital energy (barycenter). N* = N(SiMe3)2. 

 

Changing the steric bulk of the E2- ligand has two effects on the geometries of 1-

3: (1) decreasing steric bulk leads to shorter metal-ligand bond lengths, especially for the 
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U=E bond, and (2) decreasing steric bulk changes the geometry of the complexes from 

pseudotetrahedral (in 1) to trigonal pyramidal geometry (in 3), with 2 having an 

intermediate geometry. The obvious effect of decreasing bond lengths is to increase the 

splitting of the f orbitals shown in Figure 7. This is especially noticeable in the energies 

of the |0+ñ s* states; the relationship between bond length and transition energies for the 

other states is weaker (Figure S4). Changing the steric bulk of the E2- ligand also alters 

the geometry of the complex, which primarily affects the low-lying fφ and fδ orbitals. For 

example, the U atom in 3 lies very close to the plane defined by the three N atoms of the 

NR2 ligands. In addition, the O-U-N-Si torsion angle is 30°, which places the p-donating 

N 2p orbital largely in the plane defined by U atom and the three N atoms of the NR2 

ligands. As a result of these factors, one of the fφ orbitals is s antibonding with respect to 

the three NR2 ligands and the other fφ orbital is p antibonding with respect to the NR2 

ligands, which raises their energies. The fδ orbitals have little if any overlap with either 

the E or NR2 orbitals and are non-bonding or very nearly non-bonding. For this reason, 

the fδ orbitals are lowest in energy, and the ground state is |2-ñ. In contrast, in 1, the steric 

bulk of the adamantyl substituent produces a pseudotetrahedral geometry, wherein the U 

atom no longer lies in the plane defined by three N atoms of the NR2 ligands. As a result, 

the fδ orbitals and one of the fφ orbitals in 1 become s antibonding with respect to the 

NR2 ligands. Due to this change, the fδ orbitals of 1 are destabilized and the fδ and fφ 

orbitals become similar in energy. None of the low-lying orbitals of 1 are non-bonding; 

they are all weakly s and p antibonding with respect to the three NR2 ligands. These 

interactions have two effects on the electronic structure of 1 relative to 3. First, the 

ground state in 1 is |3-ñ due to the destabilization of the fδ relative to 3. Second, the NIR 
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transitions are lower in energy than they would be if the ground state were non-bonding. 

The electronic structure of 2 more closely resembles that of 3 than that of 1, with one 

important difference: the bulk of the imido SiMe3 substituent creates a larger Nimido-U-

NR2 angle than the O-U-NR2 angle in 3. As a result, the fδ orbitals become slightly 

destabilized such that the ground state of 2 is |3-ñ rather than |2-ñ in 3. 

Interestingly, the energy of |0+ñ state in 3 is ~2000 cm-1 greater than the 

analogous energy in [(TrenTIPS)UV(N)]-, despite the fact that the U=E distances in these 

complexes are nearly identical.37 Part of the reason for this difference is that 

[(TrenTIPS)UV(N)]- has a pseudotetrahedral geometry similar to that of 1, so the ground 

state of [(TrenTIPS)UV(N)]- will be slightly antibonding and destabilized relative to the 

ground state of 3. The other difference is the orbital energies of O2- vs N3-. Because O2- 

has a lower charge than N3-, and because O is more electronegative than N, the 2s and 2p 

orbitals of an isolated O2- fragment are expected to be lower in energy than those of an 

isolated N3- fragment. As shown by Burdett, the destabilization of the metal-based anti-

bonding orbitals is directly proportional to the stability of the ligand orbitals.60 In other 

words, there are two main factors that affect the energies of the 5f-based antibonding 

orbitals: (1) the strength of the interaction between the metal and ligand orbitals and (2) 

the energies of the ligand orbitals.  Because we cannot deconvolute these factors, we 

cannot conclude that the greater U=E s* energy of 3 relative to that of [(TrenTIPS)UV(N)]- 

implies that the U=O interaction is stronger than the U≡N	interaction.  The same 

phenomena may also contribute to the observation that the 5f σ* state of 1 is ~1500 cm-1 

higher in energy than in 2.61  The trimethylsilyl group in 2 is less strongly electron 

donating than the 1-adamantyl group in 1, as indicated by their Hammett σp parameters, 
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which are -0.07 and -0.13, respectively.62 As a result, the silylimido ligand orbitals will 

be slightly more stable than the alkylimido ligand orbitals, so the 5f σ* state of 2 will be 

lower in energy than that of 1, even if orbital mixing were identical in the two complexes. 

The U=N distance of 1 is also longer than the U=N distance of 2, which further 

contributes to the difference between the energies of the 5f σ* states. As seen in the 

oxo/nitrido comparison, the relative contributions of bond distance and stability of the 

imido fragment to the energies of the 5f σ* cannot be deconvoluted using the available 

data. Destabilization of the 5f σ* states due to the stabilization of the ligand orbitals is 

also observed in [UVX6]- and [UIVX6]2-, which strongly affects the energies of the 5f 

states.31, 63 Perhaps more importantly, because of electrostatic effects, the degree of 

orbital mixing and stabilization for U=E bonding orbitals does not necessarily correlate 

with bond strength. A similar conclusion was drawn by Maron and Eisenstein in a 

computational study of tetravalent uranium oxo and imido complexes.64  

Limitations of crystal field modeling. Three main issues affect the accuracy of electronic 

structure models produced using crystal field theory. The first issue is the reliance on 

accurate measurements. For magnetic susceptibility measurements, the samples must be 

sufficiently pure, and the magnetism of the sample holder must be accurately subtracted, 

for these data to be useful. Generally speaking, these requirements are straightforward to 

achieve, which is why CONDON 3.0 is an attractive code for investigating the electronic 

structures of actinides. The second issue is the interpretation of the visible and NIR 

spectra, especially with respect to possible vibronic structure. In addition, the transition 

energy modeled in crystal field fitting is the zero phonon energy (transitions between the 

lowest vibrational states of the ground and excited states), which may not be the center of 
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the peak, as we have assumed here. For narrow f-f transitions, the error is likely small; 

however, for broad transitions, such as that to the |0+ñ state, the error can be larger. 

Relatedly, the |0+ñ peaks are all shoulders on stronger transitions at higher energy, which 

decreases the accuracy of the energy assigned to these transitions. The third issue is the 

manner in which orbital mixing affects the crystal field model. Its main impact for f1 

systems is to reduce SOC by decreasing orbital angular momentum. In the crystal field 

model used here, reduction of angular momentum is the same for all orbitals and is 

implemented by allowing the SOC constant to vary. However, orbital mixing and the 

associated reduction in SOC are actually different for the different orbitals. Mixing is 

largest for fσ, smaller for fπ, and much smaller for the other f orbitals. These differences 

in orbital mixing can affect the magnetic properties of the complexes but cannot be 

modeled without introducing additional parameters.  

Finally, in this study, the data-to-parameter ratio is low, especially for 1, which tends 

to increase the uncertainty in the resulting fitted parameters. For 1, in particular, there are 

insufficient data to accommodate the seven parameters needed to perform a fit in C3v 

symmetry. As a result, the uncertainties on the fitted parameters will be large. Likewise, 

the uncertainties on the energies of the orbitals and the mixing of the orbitals will be 

large, as discussed above. Finally, the data may not uniquely define a set of parameters 

for 1. In spite of these limitations, the modeling the electronic structures of 1-3 using 

crystal field theory provides a clear picture of the role of ligands in determining the 

electronic structure.  

 

Conclusions 
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We have prepared a series of multiply-bonded U(V) complexes and investigated their 

electronic structures using a combination of magnetic susceptibility, EPR spectroscopy, 

NIR spectroscopy, and crystal field modeling. We find that, within this series of 

complexes, the steric bulk of the E2- (E = O, NR) ligand is the most important factor in 

determining the electronic structure, since it changes both the metal-ligand bond lengths 

and inter-ligand angles of the complex. Most dramatically, these structural changes result 

in a switch in the lowest energy f orbital, from fφ for the imido complexes to fδ in the oxo 

complex. Surprisingly, the 5f orbital splitting in the U(V) oxo complex is greater than the 

analogous splitting for a pentavalent uranium nitride complex. However, this difference 

is likely due to greater stability of the bonding orbitals in the oxo ligand vs. those of 

nitrido ligand combined with the destabilization of the fδ orbitals in the nitride complex 

due to its pseudotetrahedral geometry, rather than due to a stronger interaction between 

the oxo ligand and the 5f orbitals. Because the overall strengths of U=E bonds do not 

correlate well with the degree of covalency, estimating the strengths of these bonds from 

the splitting of the 5f states is not possible. On the other hand, because the ligands affect 

the 5f orbitals and states in predictable manner, the insights gained herein may be useful 

for those wanting to control the electronic structures of related actinide complexes, 

especially if the goal is to study (and tailor) magnetic properties. This control is 

especially relevant for U(V) complexes, as they are known to exhibit single molecule 

magnet (SMM) behavior.53, 65 

 

Experimental 

General. All reactions and subsequent manipulations were performed under anaerobic 
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and anhydrous conditions under an atmosphere of nitrogen. Hexanes and diethyl ether 

(Et2O) were dried using a Vacuum Atmospheres DRI-SOLV Solvent Purification system 

and stored over 3Å sieves for 24 h prior to use. All deuterated solvents were purchased 

from Cambridge Isotope Laboratories Inc. and were dried over activated 3 Å molecular 

sieves for 24 h prior to use. [UIII(NR2)3] (R = SiMe3),66 [UV(NR2)3(O)],40 

[UV(NR2)3(NSiMe3)],39 were synthesized according to published procedures. All other 

reagents were obtained from commercial sources and used as received. 

NMR spectra were recorded on a Varian UNITY INOVA AS600 spectrometer. 1H 

NMR spectra were referenced to external SiMe4 using the residual protio solvent peaks as 

internal standards. IR spectra were recorded on a Nicolet 6700 FT-IR spectrometer. UV-

Vis-NIR experiments were performed on a UV-3600 Shimadzu spectrophotometer and fit 

to pseudoVoigt peaks using Excel. 

Electron paramagnetic resonance (EPR) spectra were obtained at 3 K with a Varian 

E-12 spectrometer equipped with a liquid helium cryostat, an EIP-547 microwave 

frequency counter, and a Varian E-500 gaussmeter, which was calibrated using 2,2-

diphenyl-1-picrylhydrazyl (DPPH, g = 2.0036).  

Magnetic properties were recorded using a Quantum Design Magnetic Property 

Measurement System SQUID vibrating sample magnetometer (MPMS3 SQUID-VSM), 

located within the MRL Shared Experimental Facilities. 15-25 mg samples of 

polycrystalline material were loaded into a glass NMR tube, which was subsequently flame 

sealed under static vacuum. The solids were kept in place by quartz wool packed on either 

side of the sample. DC magnetic measurements were performed in VSM mode while 

sweeping either the applied magnetic field or temperature at controlled rates. For the 
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magnetic susceptibility measurements, diamagnetic corrections (cdia = -493´10-6 cm3/mol 

for 1, cdia = -446´10-6 cm3/mol for 2) were made using Pascal’s constants.67 The data were 

corrected for the contribution from the quartz wool or sample holder by subtracting the 

magnetization of an NMR tube containing quartz wool. 

Synthesis of [UV(NR2)3(NAd)] (1). To a stirring solution of [UIII(NR2)3] (0.135 g, 0.187 

mmol) in Et2O (5 mL) was added a solution of 1-azidoadamantane (0.0332 g, 0.187 

mmol) in Et2O (1.5 mL). The addition resulted in a rapid color change from deep purple 

to deep green, concomitant with the evolution of gas. After stirring for 15 min, the 

solution volume was reduced in vacuo to 5 mL. Subsequent storage of this solution at -25 

°C overnight resulted in the deposition of dark green needles (0.090 g, 56%). Anal. Calcd 

for C28H69N4Si6U: C, 38.73; H, 8.01; N, 6.45. Found: C, 38.74; H, 8.03; N, 6.34. 1H 

NMR (600 MHz, 25 °C, C6D6): δ -3.92 (br s, 54H, CH3), 8.44 (s, 3H, CH2), 10.53 (s, 3H, 

CH2), 16.72 (s, 3H, CH), 20.02 (br s, 6H, CH2). IR (KBr pellet, cm−1): 607 (s), 660 (s), 

771 (s), 843 (vs), 899 (vs), 1095(m), 1122 (m), 1178 (m), 1254 (s), 1300 (m), 1342 (w), 

1363 (w), 1402 (m), 1450 (m), 2852 (m), 2908 (s), 2951 (s).   

X-Ray Crystallography. Data for 1 were collected on a Bruker KAPPA APEX II 

diffractometer equipped with an APEX II CCD detector using a TRIUMPH 

monochromator with a Mo Kα X-ray source (α = 0.71073 Å). The crystals were mounted 

on a cryoloop under Paratone-N oil, and all data were collected at 100(2) K using an 

Oxford nitrogen gas cryostream. Data were collected using ω scans with 0.5° frame 

widths and frame exposures of 10 s. Data collection and cell parameter determination 

were conducted using the SMART program.68 Integration of the data frames and final cell 

parameter refinement were performed using SAINT software.69 Absorption correction of 
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the data was carried out using the multi-scan method SADABS.70 Subsequent 

calculations were carried out using SHELXTL.71 Structure determination was done using 

direct or Patterson methods and difference Fourier techniques. All hydrogen atom 

positions were idealized, and rode on the atom of attachment. Structure solution, 

refinement, graphics, and creation of publication materials were performed using 

SHELXTL.71 Further crystallographic details can be found in Table S1. Complex 1 has 

been deposited in the Cambridge Structural Database (CCDC 2239158). 

Crystal Field Fitting. Variable temperature molar magnetic susceptibility between 10 K 

and 300 K and the energies of the 5f-5f transitions were modeled using the program 

CONDON 3.0. Magnetic susceptibility measured at temperatures below 10 K were not 

included because intermolecular interactions, especially dipole-dipole coupling, can 

decrease the magnetic susceptibility. Since the magnetic susceptibility measurement 

includes ~100 data points, but only 2 or 5 independent data, each of the 100 data points 

was given 1/10 of the weight of the excited state energies in the fit. Fitting was initially 

performed in D3h symmetry. Starting values of the crystal field parameters and spin orbit 

coupling were varied until the fit could not be improved. Once the best fit values were 

identified, the fit was repeated in C3v symmetry by giving B43 and B63 starting values of 

±4000 cm-1 (the starting values for the other parameters were those from the fit in D3h 

symmetry). The orbital energies were determined by assigning z to a small value and 

using the Bxy parameters determined from the fits.  
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TOC Graphic  

 

Summary: The fδ ground state of the U(V) oxo complex, [UV(NR2)3(O)] (R = SiMe3), is 

determined primarily by the O-U-Namide angles. 

 

 

 




