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Abstract The ground-state electronic structure of the

cyanido complex [U(g8-C8H8)2(CN)]- as well as the ther-

modynamic properties and infrared spectrum are investi-

gated using density functional theory including scalar

relativistic effects. The complex is compared with the well-

known uranocene U(g8-C8H8)2. Despite the broken sym-

metry, the gain in electrostatic interaction and a significant

uranium-CN- orbital interaction is sufficient to stabilize the

bent CN- complex with respect to uranocene. The forma-

tion of the CN- complex is exothermic justifying the

recently experimentally reported compound.

Keywords Actinide chemistry � Uranium �
Metallocenes � Density functional calculations

1 Introduction

The possible existence of the uranium complex Uðg8-C8H8Þ2
was suggested in 1963 by R. D. Fischer who noted that there

might be ‘‘a possible additional gain in energy due to the

participation of the f orbitals of heavy central atoms’’ [1].

The synthesis in 1968 of this first linear sandwich compound

of an f element, by Streitwieser and Mueller-Westerhoff who

christened uranocene to highlight its similarity with ferro-

cene [2, 3], was a milestone in the history of actinide

chemistry [4, 5, 6]. It is now well established from spectro-

scopic properties [7, 8, 9] and theoretical analysis [10, 11, 12]

that there is a significant metal–ligand bond covalence in

uranocene with the participation of the 5f and 6d orbitals.

This covalent stabilization and the inaccessibility of the

metal center to supplementary ligands, due to steric con-

straints imposed by the two C8H8 rings, were invoked to

explain the remarkable stability of uranocene, whose

chemistry remained disappointingly poor. Especially, the

lack of a ½Uðg8-C8H8Þ2L�q� complex (L = neutral or anionic

ligand), whatever the charge, oxidation state and nature of

the metal M, led to the generally accepted idea that a

bis(g8-C8H8) complex could not adopt a bent configuration,

until the synthesis and X-ray crystal structure of

[Mðg8-C8H8Þ2(CN)][NEt4] [13]. The suitable size and

strong coordinating capacity of the cyanide ion obviously

make it an efficient wedge for bending the linear uranocene.

Historically, the first work on Uðg8-C8H8Þ2 including

relativistic effects was done by Pyykkö et al. in 1981 [14]

using relativistically parameterized extended Hückel cal-

culations (REX). Few years later, Pitzer et al. provided

information on the bonding in the ground-state and on the

assignment of the visible spectrum from relativistic cal-

culations including the spin–orbit interaction [15]. A large

amount of mixing of the p ligand orbitals with the uranium

6d and 5f orbitals was found confirming expectation of a

sizable covalent bonding. Dolg et al. performed large-scale

ab initio multiconfiguration self-consistent field (MCSCF)

and configuration interaction (CI) calculations in order to

study the low-lying electronic states of the MðC8H8Þ2
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(M = Nd, Tb, Yb, U) compounds [16]. For the uranocene

complex, they confirmed the assignments of the ground

state and first excited states previously made by Pitzer et al.

and provided a more complete analysis for the higher states

[15]. The role of the spin–orbit coupling was also evaluated

for the uranocene. Very recently, Kaltsoyannis et al. per-

formed all-electron spin–orbit coupled complete active

space self-consistent field calculations including dynamic

correlation via second-order perturbation theory (SOC-

CASPT2) for the ground and low-lying excited states of

MðC8H8Þ2 (M = Th, U, Pu, Cm) [17]. In the uranocene case,

they found that although the spin–orbit coupling induces

very little differences on the equilibrium geometry, it had a

significant effect on the energy spectrum. The uranocene

ground state was found to be mainly a triplet f1
pf1

/.

In this article, we report the theoretical investigation using

density functional theory (DFT) of the electronic structure and

bonding in the Uðg8-C8H8Þ2(CN)� complex. The major

question is ‘‘Can one explain why breaking the D8h symmetry

of the Uðg8-C8H8Þ2, a stabilized bent geometry is obtained

with the cyanide coordination?’’ Moreover, can one point out

any specific reason to obtain the Uðg8-C8H8Þ2(CN)� complex

rather than the Uðg8-C8H8Þ2(NC)� complex?

2 Computational details

Owing to the quasi mono-reference nature of the ground

state [16, 17], we can expect that the DFT is an appro-

priate theoretical framework for the study of the

Uðg8-C8H8Þ2(CN)� complex. The geometries of the sys-

tems were optimized with the Amsterdam density func-

tional (ADF) program [18, 19] using the OPBE functional

that combines Handy’s optimized exchange (OPTX) with

the PBE correlation [20]. This functional was successfully

employed by Kaltsoyannis et al. [21, 22] for the investi-

gation of the electronic structure of actinide compounds.

The spin-unrestricted formalism was applied for the U

system (5f2). Both scalar and spin–orbit relativistic effects

were considered using the zero-order regular approxima-

tion (ZORA) [23]. Slater-type orbitals (STOs) were

employed as basis functions in SCF calculations. The TZ2P

ZORA relativistic basis sets used have triple-f quality

augmented by two sets of polarization functions. Within

the ADF calculations, 14, 4, 5 and 1 explicit electrons were

retained for U, C, N and H, respectively. Others were

treated by the frozen core approximation. Vibrational fre-

quencies were calculated to confirm that the structures are

true minima on the potential energy surfaces.

The energy decomposition analysis (EDA) in the ADF

program package is based on the work by Morokuma

[24, 25] and Ziegler and Rauk [26]. The interaction energy

DEint is decomposed into electrostatic, Pauli repulsion and

orbital mixing components:

DEint ¼ DEelstat þ DEPauli þ DEorb:

The estimated basis set superposition error is low at about

1% of the bonding energy of the Uðg8-C8H8Þ2(CN)�

complex.

The Voronoi deformation density (VDD) charges were

calculated in order to evaluate the charge rearrangements

due to the formation of the complex from the U4þ; C8H2�
8

and CN� fragments. The VDD calculates the flow of

electron density to or from a certain atom or fragment due

to bond formation or charge rearrangements. This method

does not explicitly use the basis functions. A description of

the bonding was also performed in terms of bond orders.

Many definitions have been proposed in the literature, but a

known problem for the most popular bond indices is their

basis set dependence. Recently, Ziegler et al. have dem-

onstrated that the differential nature of the Nalewajski–

Mrozek (N–M) bond indices makes them less sensitive to a

basis sets effect [27]. The two-electron valence indices

originally defined by Nalewajski and Mrozek have been

derived from the changes in the two-electron density

matrix due to the formation of the complex or molecule

from isolated fragments. A deformation density (differen-

tial density) matrix, DP is defined as:

DP ¼ P� P0

where P and P0 correspond to the density matrices of the

combined molecule (P) and the considered molecular

fragments (P0). In this work, we used the approach where

the overall valence indice is obtained from the trace of the

PDP matrix:

V ¼ Tr PaDPa þ PbDPb
� �

where a and b are the spin variables of all electrons. The

bond multiplicity is obtained from the valence indice by

splitting the one-center index of an atom among the bonds

that this atom forms. The bond multiplicity can be calcu-

lated as a sum of the relevant two-center part and weighted

contributions from one-center indices of the two atoms. In

the retained ADF implementation used in this study, the

covalent two-center part is equal to the Gopinathan–Jug

bond order (G–J) [28]. A detailed description of alternative

valence indices and their physical meaning is summarized

in Ref. [27].

In addition, supplementary information on chemical

bonding was provided with an electron localization func-

tion (ELF) analysis of the ADF results with the DGrid 4.5

program package [29].
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3 Results and discussion

3.1 Geometry and electronic structure

The p-sandwich Uðg8-C8H8Þ2 complex is stabilized by the

ligand–metal interactions and its D8h symmetry. Thanks to

the coordination of a cyanide ligand, the Uðg8-C8H8Þ2(CN)�

complex has been experimentally found to be a stable species

[13]. The complex seems to be stabilized shifting to a bent

conformation in spite of the loss of the D8h symmetry. The

structure of the Uðg8-C8H8Þ2(CN)� complex and geometric

parameters of both complexes are provided in Fig. 1 and

Table 1, respectively. The computed U–C8H8 distances are

in agreement with the experimental ones in both cases.

However, the U–CN distance is shortened in DFT calcula-

tions by 0.1 Å. The C–N distance is similar to the experi-

mental one in the free cyanide ion both in experiments and

calculations [30]. As shown in experiments, the presence of

the CN� ligand leads to a complex with a bent coordination

of the two C8H8 ligands. The Cnt-U-Cnt angle (Cnt = ring

centroid) has a value of 151�, close to the experimental one of

153�.

The Uðg8-C8H8Þ2 complex is energetically more stable

than its parts with a large computed bonding energy of

-2,039 kcal/mol. A comparison of the analysis of the

electronic bonding energy of the Uðg8-C8H8Þ2 and

Uðg8-C8H8Þ2(CN)� complexes is given in Table 2. The

coordination of a CN� ligand stabilizes the complex by

24 kcal/mol and increases the Pauli repulsion. However,

this coordination is favorable thanks to electrostatic inter-

actions with the U4þ ion, leading to a steric energy con-

sisting of electrostatic plus repulsion contributions about

119 kcal/mol larger for the cyanide complex. The orbital

interaction is large in both complexes but smaller in

Uðg8-C8H8Þ2(CN)� because of longer U-C8H8 distances.

The electronic configuration of the Uðg8-C8H8Þ2(CN)�

complex is a 5f2 triplet. Previous multireference calcula-

tions on Uðg8-C8H8Þ2 complex have shown that the 5f2

configuration dominates the low-lying states, namely

uranocene is a U(IV) compound, i.e. a U4þ ion with a 5f2

configuration and two aromatic C8H2�
8 rings [16, 17]. The

interaction with the CN� ion does not modify this situa-

tion leading to the same conclusion for Uðg8-C8H8Þ2(CN)�.

The higher spin-a valence molecular orbitals of the

Uðg8-C8H8Þ2(CN)� complex are represented in Fig. 2. The

nature of the valence molecular orbitals was investigated

through the symmetrized fragment orbital (SFO) analysis of

the ADF results. Three distinct groups of molecular orbitals

can be built. First, one group consists of localized molecular

orbitals on the cyanide ligand (A-46) or on the uranium

atom as pure 5f-orbitals (A-52, A-53). The second group is

composed by U-C8H8 orbitals corresponding predomi-

nantly to interactions between the (C8H8) rings and the 6d

and 5f uranium atomic orbitals (A-43, A-44, A-48, A-50,

A-51). Finally, a third group can be constituted by orbitals

that imply a participation of the cyanide ligand with uranium

and the rings (A-42, A-45, A-47, A-49). The orbital A-45

corresponds to a single CN� participation mixed with 6d

(3%) uranium orbitals. Orbitals A-47 and A-49 are formed by

Fig. 1 DFT/OPBE optimized geometry of the Uðg8-C8H8Þ2(CN)�

complex

Table 1 Computed geometric parameters of the complexes in com-

parison with experimental data, distances are given in Å and angles in

degrees (Cnt = centroid)

Complex DFT Exp

Uðg8-C8H8Þ2(CN)�

d(U–CN) 2.53 2.63

d(C–N) 1.18 1.16

d(U–C8H8) 2.72 2.73

angle Cnt-U-Cnt 151 153

Uðg8-C8H8Þ2
d(U–C8H8) 2.62 2.65

Table 2 Bonding energy (BE) analysis at OPBE level starting from

the U, C8H2�
8 and CN� fragments

Uðg8-C8H8Þ2(CN)� Uðg8-C8H8Þ2 Uðg8-C8H8Þ2(NC)�

BE -2,063.48 -2,039.06 -2,058.30

Pauli

repulsion

446.71 395.50 403.61

Electrostatic -1,753.30 -1,582.99 -1,718.65

Steric -1,306.59 -1,187.49 -1,315.05

Orbital -756.89 -851.56 -743.25

Pauli ? Electrostatic = Steric, Steric ? Orbital = BE. All values in

kcal/mol
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a mixing of CN�; ðC8H8) and uranium orbitals with 6d

(11%) and 5f (11%) ? 6d (6%) participation, respectively.

The orbital A-42 presents an overlap between the cyanide

ligand and uranium 6d (7%) and also between the cyanide

and the C8H8 rings. This last group of molecular orbitals

attests the role of orbital interaction in the stability of the

Uðg8-C8H8Þ2(CN)� complex with a large overlap between

the CN� ligand and the Uðg8-C8H8Þ2 part.

Kaltsoyannis et al. [17] have shown that the geometry of

the Uðg8-C8H8Þ2 complex is unaffected by spin–orbit

coupling. So, we can expect to have the same end result on

the Uðg8-C8H8Þ2(CN)� geometry. Nevertheless, the effects

of spin–orbit splitting were investigated using a ZORA

Hamiltonian with the ADF package. Including the spin–

orbit coupling, the nature and the energetic order of orbitals

involved in the interactions of the U4þ ion with the C8H2�
8

and the CN� ligands are similar to the scalar relativistic

ones. Thus, the bonding of uranium with CN� is not

influenced by spin–orbit effects.

The interaction properties between U and the CN� can

also be analyzed in terms of bond indices. The U–C

interaction could be compared to a single bond with a G–J

bond order and a N–M bond indices of 0.73 and 0.88,

respectively. This is in agreement with the molecular

orbital analysis discussed above where the participation of

the uranium 6d and 5f orbitals is pointed out in the inter-

action with the CN� ligand. These results support the

hypothesis of a non-negligible covalent character in the

U–C interaction. We should notice the expected triple bond

character of the C–N bond (G–J bond order and N–M bond

indices of 2.86 and 3.32, respectively).

The electron localization function provides a ‘‘picture’’

of the electronic structure showing the regions of the

molecular space where the electrons localize. The local

maxima of ELF define localization domains. The ELF

function ranges from 0 (same spin pairs) to 1 (opposite spin

pairs). To avoid any artifact, ELF was obtained from an all-

electron calculation. The electronic ELF basin populations

were derived from the integration of the total electron

density. The interaction between the U4þ ion and the CN�

ligand is characterized by the formation of a V(U,C) basin

with a population of 1.14 electrons. This is consistent with

the results of the orbital analysis and can be observed in the

2D cut-plane picture (Fig. 3) where the ELF is plotted on a

plane through U � � �C � � �N atoms.

The VDD analysis exhibits a strong charge transfer to

the U4þ ion. This electron transfer is mainly provided by

the C8H2�
8 ligands (*1.3 e).

3.2 Chemical properties

3.2.1 Vibrational spectra

The DFT/OPBE-computed harmonic vibrational spectra are

given in Fig. 4 for the Uðg8-C8H8Þ2 and Uðg8-C8H8Þ2(CN)�

Fig. 2 Valence molecular orbitals for Uðg8-C8H8Þ2(CN)� at DFT/

OPBE level

Fig. 3 Cut-plane ELF representation for the Uðg8-C8H8Þ2(CN)�

complex
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complexes. Due to the D8h symmetry of Uðg8-C8H8Þ2,

several modes are IR inactive for this system. The spectra

for both complexes are very similar with modes specific to

the Uðg8-C8H8Þ2 motif. The C–H stretch modes are clearly

identifiable around 3; 120 cm�1, and the intensity of the

band is stronger in the Uðg8-C8H8Þ2(CN)� case. The band

at 1; 420 cm�1 corresponds to the bend C–H modes. The

very intense band at 700 cm�1 and the band at 750 cm�1 are

characteristic of a mixing of C–H out of plane in (C8H8) and

U-ðg8-C8H8) interaction modes. Two vibrational modes can

be attributed to the presence of the cyanide ligand. The first

one corresponds to the C–N stretch mode at 2; 087 cm�1 in

good agreement with the experimental band at 2; 073 cm�1.

The second one is the C–N out of plane mode at 920 cm�1.

It should be interesting to characterize the U–CN-specific

mode as a fingerprint of the U–CN bond, but in our calcu-

lations this band occurs at around 240 cm�1 and harmonic

calculations are not accurate enough in this range due to

strong anharmonic effects. However, far-IR experiments

are not straightforward to carry out to obtain experimental

data as reference.

3.2.2 Estimation of the thermodynamic stability

of the Uðg8-C8H8Þ2(CN)� complex

We considered the formation of the complex as a reaction

described by the following equation:

Uðg8-C8H8Þ2 þ CN� ! Uðg8-C8H8Þ2(CN)�

The reaction enthalpies and entropies for the formation of

the Uðg8-C8H8Þ2(CN)� complex were estimated from

standard statistical thermodynamics (ideal gas assumed)

after calculating DFT/OPBE harmonic vibrational

frequencies. The calculated enthalpy (DrH) and Gibbs free

energy (DrG) are -22 kcal/mol and -14 kcal/mol,

respectively (T = 298.15 K and P = 1 atm). Accordingly,

the formation of the complex under study is exothermic,

confirming its thermodynamic stability.

3.3 The Uðg8-C8H8Þ2(NC)� complex

The fact that the cyanide ion has similar good donor

qualities at both its C and N atoms in general organic or

organometallic chemistry makes interesting the study of

both coordination types [31]. However, only the

Uðg8-C8H8Þ2(CN)� complex was experimentally obtained

and we tried to understand and explain the differences with

the Uðg8-C8H8Þ2(NC)� complex. This point was never

approached in the literature, while it was already observed

experimentally for other uranium cyanide compounds [32].

From a general point of view, the interaction in the NC

complex is less covalent due to a lowest participation of the

U orbital to the bonding. For example, in the A-47 orbital,

the participation of the U(6d) orbital decreases to 7% in the

NC complex. This effect is highlighted by a decrease in the

bond order indices with G–J and N–M of 0.60 and 0.75,

respectively. The analysis of the ELF function points out the

formation of a V(U, N) basin with a population of 0.89

lower than the V(U, C) one in Uðg8-C8H8Þ2(CN)� complex.

From an energetic point of view, the results of the

energy decomposition analysis are presented in Table 2.

The total bonding energy of the NC complex is not so

different from that of the CN complex but � 5 kcal=mol in

favor of the CN complex. Moreover, we observe larger

differences by comparing each EDA term. The CN com-

plex is more stabilized by the orbital interaction, which is

consistent with our previous observations. The Pauli

repulsion is larger in the CN complex that is also more

stabilized by the electrostatic interaction.

4 Conclusions

The bent Uðg8-C8H8Þ2(CN)� complex has been revealed to

be chemically stable thanks to strong electrostatic and

orbital interactions between the U4þ ion and the ligands. As

previously found for the Uðg8-C8H8Þ2 compound [14, 15],

6d, and to a less extend 5f, uranium orbitals have a sig-

nificant participation in the interaction both with the aro-

matic rings and the cyanide ligand. The computed

geometry and vibrational frequencies are close to the

experimental ones recently obtained [13]. The ELF find-

ings reinforce the idea of significant covalence between the

U4þ ion and the CN� ligand. Furthermore, the formation of

the Uðg8-C8H8Þ2(NC)� complex was found to be less

Fig. 4 Calculated harmonic vibrational spectra (cm�1) for the

Uðg8-C8H8Þ2 and Uðg8-C8H8Þ2(CN)� complexes without using a

scaling factor. The calculated band intensities were convoluted

assuming a Lorentzian profile with a full width at half maximum of

15 cm�1
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favorable with a lost of orbital interactions due to the

nitrogen coordination. Hopefully, the present computa-

tional study will stimulate experimental investigations to

prepare new bent (g8-C8H8Þ2M complexes.
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