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Qun-Yan Wu,’ Zhong-Ping Cheng,’ Jian-Hui Lan,’ Cong-Zhi Wang,” Zhi-Fang Chai,” John K. Gibson,’

We have investigated M-C bonds in lanthanide and actinide complexes ML, (M=Ce, Th, U, Np and Pu; L=C(PPh;NMes))

using scalar-relativistic theory. The M-C bonds possess typical ¢ and 7 bonding character, except for the nearly n-only Th-C

bonds. The metal valence electrons significantly reside in the valence d and f orbitals for Cel,, UL, NpL; and Pul,, while for

ThL, most electron population is in 6d orbitals. The contribution of 6d orbitals to the An-C bonds decreases and that of 5f

orbitals increases across the actinide series. QTAIM (guantum theory of atoms in molecules) and NBO (natural bond orbital)

analyses confirm that the M-C bonds possess significant covalent character. This work provides insights into the

contributions of d and f valence orbitals to M-C bonding. And inclusion of Np and Pu in this evaluation extends

understanding to later actinides.

Introduction

Transition metal carbenes having M-C bonds have received
in the past decades
applications in the fields of catalysisl'3 and organometallic
chemistry.‘l'5 In contrast, the chemistry of f-block metal carbon
multiple bonds is underdeveloped. Cramer and coworkers
reported the first uranium-carbene complex, [(ns-
CsHs]3U=CHP{CH3),(CeHs)], in 1981.° During the past two
decades, several f-block metal carbene complexes have been
reported.7'25 For instance, Cavell and coworkers provided the
first structure of a samarium(lll) carbene complex in 2000.7 Le
Floch et al. synthesized homoleptic Sm{lll) and Tm(lll)
biscarbene complexes,s' ® and subsequently employed the
same carbene ligand to obtain a uranium complex with a U=C
double bond.’ Liddle and coworkers synthesized the first
homoleptic uranium(IVv) biscarbene complex,
[U{C{PPh,NMes),),] (Mes = 2,4,6-Me;CgH,) (Scheme 1), with
two formal U=C double bonds.™ This same group recently
prepared the cerium(lV) carbene complex
[Ce(BIPM (ODipp),] with o- and n-bonding character,17 and
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three new metal biscarbene complexes [M(BIPMTMS)Z] (M=Ce,

Th, U) bearing M=C double bonds.? Zi and coworkers prepared
and characterized the first thorium(lV) poly-carbene
complexes with polarized Th=C bonds.? Several
complexes with U=C double bonds have been synthesized
using formally dianionic Iigands.zs' % Andrews and coworkers
reported complexes such as HC=UX; and H,C=UX, (X=H, F, Cl,

Br) in cryogenic noble gas matrices.?®*°
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Although the nature of lanthanide (Ln)- and actinide {(An)-
ligand multiple bonds have been investigated both
experimentally and theoretically,31'35 understanding the nature
of actinide multiple bonds remains particularly challenging due
to the unique and complex electronic structures of the
actinides. Theoretical studies have provided insights into
participation of 5f/6d valence orbitals in chemical bonding for
actinide complexes bearing actinide multiple bonds, such as
actinide-carbon multiple bonds.™® 23337 1t js clearly desirable
to better understand the nature of bonding in Ln{lV)- and
An{IV)-biscarbene complexes, including comparisons between
Ln=C and An=C bonds. Extending these evaluations beyond U
in the actinide series, specifically to Np and Pu, is necessary to
elucidate the changing role of the 5f electrons across the series.
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Based on the reported structure of the homoleptic uranium(IVv)
biscarbene complex [UL,, L=C(PPh2NMes)2],11 we selected it
and its counterparts with M=Ce, Th, Np and Pu shown in
Scheme 1, to evaluate the electronic structures and the
bonding of Ln{lV)- and An{lV)-biscarbenes with a goal of
furthering comprehension of the nature of bonding in f-block
element carbene complexes.

Computational Details

The structure optimizations of the metal-biscarbene
complexes were carried out using density functional theory
(DFT) with the Gaussian 09 program.40 To examine the
reliability of various methods, the structure of the UL, complex
obtained from its crystal structure™ was optimized using the
generalized gradient approximation (GGA) BP86,41 hybrid GGA
BSLYP,AZ' “ meta GGA M06 and MOSL™ functionals. Because
the UL, complex was crystallized in toluene solution, the
optimization was considered in the same solvent using CPCM
(conductor-like polarizable continuum model) with the Klamt
atomic radii.** *® Bond distances of UL, obtained with BP86
functional are in the best accord with available crystal data, as
discussed below. The structures of the analogous complexes
with U replaced by Ce, Th, Np and Pu were optimized using the
BP86 functional. The scalar-relativistic small-core
pseudopotential ECP6OMWB™” *® for the 5f-block metals (Th, U,
Np and Pu) and Ecp2sMwB® *° for Ce, as well as the
corresponding segmented valence basis sets were applied;”' .
** the 6-31G(d) basis set was used for C, H, N and P. The singlet
Cel, and ThL,, triplet UL,, quartet NpL,, and quintet PulL, are
the ground state configurations based on the total electronic
energies in Table S1 of electronic supplementary information
(ESI), in accord with the highest spin state of actinide ions
typically being the ground state for such actinide complexes.“'
*2 Harmonic vibrational frequencies of the optimized
structures of the ML, complexes are all positive values at the
same level of theory. In addition, the spin contaminations of
three UL,, NpL, and PuL, complexes are neglected because of
<S2> values close to the ideal values of S(S + 1).

Natural population analyses were performed using the
NBO {(natural bond orbital) method with NBO program as
implemented in Gaussian 09 program. NBO calculations were
carried out using BP86 with a higher quality basis set, cc-pVTZ,
at the corresponding BP86/ECP/6-31G(d) optimized structures.
The extended transition state (ETS) method with the natural
orbitals for the chemical valence (NOCV) theory53 was
performed to further reveal the bonding nature using the
Amsterdam density functional (ADF 2013.01) package.54 The
BP86 method and the Slater type orbital (STO) basis set with
the quality of triple-T plus polarization (TZP)55 was employed
without frozen core. Scalar relativistic (SR) effects were taken
into account using the zero-order regular approximation
(ZORA) approach.56 The topological analysis based on the wave
functions obtained at the BP86/ECP/cc-pVTZ level of theory
was carried out using the quantum theory of atoms in
molecules (QTAIM)57 with the Multiwfn progra m.>®

2| J. Name., 2012, 00, 1-3

Results and discussion

Structures of the ML, complexes.

Various methods have been employed to study geometric and
electronic structures, and related properties of actinide
complexes.sz' 3981 T test the reliability of different functionals
for predicting geometrical parameters for the ML, complexes,
four functionals, BP86, B3LYP, M06 and MO6L, were adopted
to optimize the structure of the UL, complex, for which
experimental crystal structure data are available.™* The U-C
and U-N bond distances obtained in toluene solution using
four functionals with 6-31G(d) basis set are presented in Table
S2. It is apparent that the average relative errors in bond
distances with BP86 are the smallest among the four
functionals. In particular, the key U-C; and U-C, bonds
distances using the BP86 functional are very close to the
experimental values, with relative differences of < 0.8% when
the maximum uncertainties in the experimental values are
considered. The structure of UL, is also optimized using larger
basis set 6-311G(d) with BP86 functional, the average relative
errors are similar to those with 6-31G(d) basis set (Table S2).
Hence, the structures of the UL, analogues, Cel,, ThL,, NpL,
and PuL,, were optimized at the BP86/ECP/6-31G(d) level of
theory.

In Table 1 are given the selected bond distances and
angles of the five ML, complexes (Figure S1) optimized at the
BP86/ECP/6-31G(d) level of theory in toluene solution. As the
geometrical parameters indicate, the five ML, complexes have
similar structures consisting of two quasi-planar four-
membered CMNP rings in each ligand as shown in Figure S2
with the simplified structure of ML,. These two CMNP rings in
the same carbene ligand construct ‘open book’®
conformations with PCP angles of about 135°, and the two
carbene ligands are almost orthogonal to each other with
angles of 85.21-87.15° for the five ML, complexes. The C;MC,
angles are about 145-148°, deviated significantly from linearity,
which leads to a distorted octahedral structures. Despite the
similar structures there are clear differences between the M-C
bond distances in the five complexes. The An-C (An=Th, U, Np,
Pu) bond distances gradually decreases across the actinide
series, which is in accord with the trend of ionic radii for an'Y:
ThV=0.94 A, U"V=0.89 A, NpV=0.87 A, Pu'=0.86 A.® However,
the calculated U-C and Ce-C bond distances do not correlate
with the corresponding ionic radii (Ce'v=0.87 A).63 The
calculated Ce-C bond distance in the Cel, complex is 2.441 A,
which is comparable to that in the complex
[Ce(BIPM™®)}(ODipp),] {2.441(5) A) with both Ce-C & and =
bonding according to NBO analysis.17 These Ce-C bond
distances are only slightly longer than those for [Ce(BIPMTMS)z]
(2.385(2) and 2.399(3) A), which exhibits Ce-C multiple bond
character,23 suggesting that the Ce-C bonds in Cel, complex
also possess multiple bond character. The Th-C bond distance
(2.527 A) is the longest among the five complexes, and is ~0.01
A longer than in [Th(BIPM™"),] (2.514(3) and 2.516(3) A),*®
and is also somewhat longer than that in complexes
[Th(BIPM™)(ODipp),] (2.508(5) A)*” and [Th(BIPM™%)(n>-
CsHs),] (2.436(4) A).G4 The calculated U-C bond distance is

This journal is © The Royal Society of Chemistry 20xx
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2.432 A in the UL, complex, which is comparable to the
corresponding experimental distances from the crystal
structure (2.427 (8) and 2.448 (9) A).” This distance is longer

than in [U(BIPM™®),] (2.410(6) and 2.421(6) A)® and
[U{BIPM™®){ODipp),] {2.414(3) A).”” Complex PuL, adopts the

shortest M-C bond distance, 2.397 A, among the five ML,
complexes. It is also notable that there is 0.05 A gap between
the longest M-N bonds for Ce-N {2.546 A) and the shortest
such bonds for U-N {2.496 A).

Table 1 M-C and M-N bond distances {(A) and selected bond
angles (degrees) in the ML, complexes at the BP86/ECP/6-
31G(d) level of theory.

complexes Cel, ThL, UL, NpL, PuL,
M-C 2.441 2527 2432 2412 2397
M-N 2.546  2.532 2496 2511  2.540
PC,P 135.89 134.75 13570 13557 135.82
CMC, 148.05 14569 144.85 14554 146.85
N3MN, 113.58 112.13 115.30 114.71 114.09
NsMC;N; 137.40 136.57 139.00 138.58 138.12
D? 87.15 85.21 86.47 86.38  85.33

°D, denotes the angle between two quasi-planar four-
membered CMNP rings in each carbene ligand.

Molecular orbitals.

GGA BP86, PBE and hybrid B3LYP, PBEO were used to evaluate
the ground state electronic structures of three open shell
structures (UL,, NpL, and PuL,). The composition of the metal
atom for the singly occupied alpha-spin MOs (SOMOs) as
presented in Table S3 indicates that the electron density
obtained by GGA is more localized on the metal atom than
that by the hybrid functionals. Therefore, the GGA BP86 was
selected to describe the ground state electronic structures
studied here, although some studies reported that hybrid
functions can better predict the ground state electronic
structure of the actinide compl\exes.65 SOMOs of the three ML,

g

Cel,

ThL,

(M=U, Np, Pu) complexes obtained with BP86 functional are
presented in Figure S3, showing their electron densities
predominantly localized on the metal atoms (essentially pure
5f character) according to the compositions of the MOs in
Table S4. This result indicates that the electronic
configurations of UL,, NpL, and PulL, are essentially 5f2, 5f and
5f4, respectively. The lowest unoccupied MO (LUMO) of the
five ML, complexes (Figure S4), indicating that the electron
density is also mainly localized on the metal atom, except for
ThL, complex. This probably be one reason why Th-C bonds
have different bonding characteristics compared to other M-C
(M=Ce, U, Np, Pu) bonds as discussed below. Three highest
double-occupied MOs (HOMOs) of the five ML, complexes are
displayed in Figure 1, which clearly display ¢ and n bonding
interactions between metal centers and C atoms based on the
diagrams and the corresponding compositions (Table S4) of
the MOs. Taking the Cel, complex as an example, the HOMO
including 17.2% Ce and 19.8/20.4% C,/C, character reveals a
Ce-C o bonding interaction. The composition of HOMO-1 is 5.8%
Ce and 20.1/23.6% C,/C, character, indicating Ce-C n bonding
interactions. HOMO-2 exhibits high 9.3% Ce and 20.5/14.7%
C4/C, contributions. Notably, the contributions of all five M are
smaller than those of C,/C, for HOMO, HOMO-1 and HOMO-2,
indicating polarized M-C bonds. Moreover, the metal
contribution to the doubly occupied MOs is greatest in PuL,
among the five complexes. Energy levels of LUMOs, SOMOs
and HOMOs for the five ML, complexes are also presented in
Figure 2. It clearly shows that the energies of the HOMO
gradually decrease across the actinide series from Th, U, Np to
Pu, which suggests better atomic orbital energy matching
between the actinides and carbene ligands. And the trend of
LUMO, HOMO-1, HOMO-2 and three SOMOs appears similar
result, respectively. The HOMO of Cel, has almost the same
energy as that of UL,, in accord with the similar structural
properties of Cel, and UL,.

UL, NpL, Pul,

Fig. 1 Three highest double-occupied MO (HOMO) diagrams of the five ML, (M=Ce, Th, U, Np, Pu) complexes in toluene solution.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Energy levels of LUMOs, SOMOs and HOMOs for the five
ML, complexes in toluene solution at the BP86/ECP/cc-pVTZ
level of theory.

NBO analysis

We performed NBO analysis with the BP86 method to further
elucidate the nature of bonding in the ML, complexes. The
valence electron populations of the metals in ML, are given in
Table 2. The valence electrons of Ce in Cel, mainly reside in
the 4f and 5d orbitals, while for Th in ThL, the occupation is
primarily in 6d, with little in 5f orbitals; this disparity likely

c- F CHEMISTRY

reflects the different bonding nature in the Ce and Th
complexes, as discussed below. The U, Np and Pu valence
electrons reside primarily in 5f orbitals, with occupations of
3.18, 4.29 and 5.30, respectively, while only 1.24 (U), 1.15 (Np)
and 1.07 (Pu) electrons are in 6d orbitals. The occupation of 7p
orbitals is nearly the same (0.21) for the four AnL, complexes,
which is somewhat less than the 6p orbitals occupation (0.28)
in CeL,. Mulliken charges on the metal atoms are 1.03-1.49 for
the ML, complexes (Table 2), indicating significant formal
charge transfer from carbene ligands to the metal atoms. The
values of Aq in Table 2 are defined as the charge transfer to a
formally +4 metal ion, to result in the substantially lower
actual positive charges, gq<<4, on the metals in the ML,
complexes. This formal charge transfer can be employed to
evaluate the magnitude of the bonding interaction between
the actinides and carbene ligands, resulting in the following
ordering: Pul, (greatest charge transfer) > NpL, > UL, > Thl,
(least charge transfer); this order is in agreement with the
HOMO energy analysis. And the values of Mulliken spin density
also indicate the same trend. In addition, Mayer bond order
(MBO)66 for the M-C bonds are also presented in Table 2. The
value of Th-C MBO is clearly the smallest among the five M-C
bonds, indicating relatively weak Th-C bonding interaction.

Table 2 Population of valence electron, Mulliken spin density (Ms), Mulliken charge (q) of metal atom and the formal charge transfer from
the ligand to the tetravalent metal (Aq = +4.00 - q) as well as the M-C Mayer bond order (MBO) for the ML, complexes at the BP86/ECP/cc-

pVTZ level of theory.

ML, Population of valence electron Ms q Aq MBO
Cel, 6s(0.07)  6p(0.28)  5d(1.22)  4f(1.15) 0 1.03 2.97 0.904
Thi, 7s(0.07)  7p(0.21)  6d(1.20)  5f(0.15) 0 1.49 2.51 0.724
UL, 7s(0.07)  7p{0.21) 6d(1.24) 5f(3.18) 2.26 1.38 2.62 0.820
NpL,  7s(0.08)  7p(0.21) 6d(1.15) 5f(4.29) 3.44 1.25 2.75 0.857
Pul, 7s(0.08)  7p{0.22) 6d(1.07) 5f(5.30) 4.70 1.18 2.82 0.872

Table 3 Calculated NBO compositions of the M-C bonds at the BP86/ECP/cc-pVTZ level of theory.

M-C type M% C% M AOs (%) CAOs (%)

c 19.08 80.92 6p(6.34)5d(48.09)4f(44.99) 25(23.10)2p(76.54)
ek o 14.24 85.76 6p(3.35)5d(44.24)4f(51.42) 25(1.52)2p(98.15)
Th-C m 9.86 90.14 7p(3.17)6d(48.66)5f(47.42) 2p(99.44)

G 19.07 80.93 6d{41.35)5f(57.13) 25(26.48)2p(73.08)
u-C m 16.53 83.47 7p{1.73)6d(45.50)5f(52.12) 2p(99.03)

c 20.87 79.13 6d(38.77)5f(60.25) 25(23.41)2p(76.19)
blp=t m 19.59 80.41 7p{1.60)6d{44.00)5f(53.65) 2p(98.04)

c 26.05 73.95 6d{41.84)5f(57.36) 25(15.86)2p(83.88)
PEE n 21.22 78.78 7p{1.50)6d(35.72)5f(61.66) 25(6.75)2p(92.83)

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Composition of metal atom (a) and the contribution of metal 4/5f and 5/6d orbitals to M-C & and & bonds (b).

To obtain further insights about the M-C bonds in the ML,,
we performed the localized NBO analysis. The natural localized
molecular orbitals (Figure S5) show distinct M=C ¢ and &
bonding in the complexes Cel,, UL,, NpL, and Pul,, but only
Th-C © bonding in ThL, with the contribution of ¢ bonding
below the default NBO cut-off value of 5%. In Table 3 are given
the compositions of natural bond orbitals and the
contributions of each atomic orbital of metal and carbon atom
to the M-C bonds in ML,. The carbon contribution (over 74%)
to both the M-C ¢ and ©n bond is much larger than that of the
metal atom, an effect that is particularly pronounced for the
Th-C bonds. This analysis indicates partly polarized M-C bonds,
in accord with recent reports.u' 3,37 Figure 3(a) clearly shows
that the contribution of the actinide atom to both the An-C ¢
and m bonding increases with increasing actinide atomic
number probably due to the better energy matching and
overlap between the actinide atom and carbene ligands. The
metal contribution is almost the same for the Ce-C and U-C
bonds, which suggests similar character of these bonds. The
metal contribution to the M-C o bond is somewhat larger than
to the M-C © bond. The (n-2)f and (n-1)d orbitals of the metals
provide the dominant contributions to the o and nt bonding,
with minor metal np orbital contribution (Table 3). As is
apparent in Figure 3(b), the contribution of the An 6d and 5f
orbitals is almost the same for the U-C and Pu-C o bonds, while
for the An-C n bonds, the 6d orbital contribution decreases
and that of the 5f orbital increases from Th-C to Pu-C. The
contribution of Ce 4f and 5d to the Ce-C n bonds, 51.42% and
44.24%, respectively, is similar to the respective contributions
of U 5f and 6d orbitals to the U-C n bonds. Again, a remarkable
similarity between bonding in the CelL, and UL, complexes is
apparent.

Topological analysis.

QTAIM analysis based on the electronic density provides many
properties regarding chemical bonding,57 especially in the area
of f-element bond characterization.® 7% QTAIM analyses
were performed on the basis of the wave function obtained at
the BP86/ECP/cc-pVTZ of theory to assess the covalency of the
M-C bonds in ML, complexes. In general, an electron density
(o(r)) at the bond critical point (BCP) greater than 0.20 au,
together with a negative Laplacian (Vzp(r)), denotes a covalent

This journal is © The Royal Society of Chemistry 20xx

bond, while p(r) less than 0.10 au with a positive Vzp(r)
indicates an ionic bond. Furthermore, the total energy density
(H(r)), the sum of the kinetic energy density (G(r)) and the
potential energy density (V(r)), can be employed to evaluate
the degree of bond covalency.75 In principle, a negative H(r)
value indicates a covalent bonding interaction with significant
sharing of electrons. Strongly polar bonds are characterized by
low values of p(r), which indicates local charge depletion.
Another covalency parameter is —-V(r)/G(r): =V(r)/G(r) >2
suggests a typical covalent bond, —V(r)/G(r) <1 describes a
classical ionic interaction, and 1 < —-V(r)/G(r) < 2 denotes
intermediate bonding character with significant covalency.
Table 4 collects the calculated QTAIM parameters at the M-C
BCPs in the ML, complexes. The values of p{r) at the M-C BCPs
are less than 0.1 due to the nature of the polarized bonds. The
negative H{(r) values suggest that the M-C bonds possess some
covalent character and the Th-C bonds have the smallest
covalent character based on the H(r) values, in agreement with
the Mulliken charge analysis. The combined NBO and QTAIM
analyses reveal that greater participation of the f orbitals in
bonding can result in enhanced covalency. The ratio —V(r)/G(r)
for all M-C bonds close to 1.5 indicates that the M-C bonds
have a significant degree of covalent character. In addition, ELF
(electron localization functions) =1 suggests complete electron
localization, while ELF=0 denotes complete delocalization.”®”®
Diagrams of ELFs at the M-C BCPs (Figures 4 and S6) also
support the conclusion that the M-C bonds exhibit a significant
degree of covalent character.

Table 4 Calculated QTAIM parameters at the M-C BCPs in the
ML, complexes.

p(r) V() -H(D Gl Vi) V(G
Ce-C 0.0745 0.0815 0.0212 0.0212 0.0627 1.510
Th-C 00699 0.0795 0.0196 0.0196 0.0592 1.497
U-C 00804 01013 00239 0.0239 00730 1.485
Np-C  0.0818 0.1102 0.0242 0.0242 0.0760 1.468
Pu-C  0.0824 0.1120 0.0246 0.0246 0.0772 1.468

J. Name., 2013,00,1-3 | 5
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Fig. 4 Two dimensional ELF contour of the CMC plane
containing the two M-C bonds for the UL, complex.
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NOCV analyses.

To further reveal the covalent contribution to bonding
between the metal and carbene ligands, the ETS-NOCV
analysis was carried out based on the fragment calculations at
the BP86/SR-ZORA/TZP level of theory using the ADF program.
The three NOCVs with the largest contribution to the orbital
interaction energy for each ML, are presented in Figure 5. It is
notable that the contribution of the orbital interactions to the
M-C bond is larger than that to M-N bond for the five ML,
based on the NOCV orbital interaction energies. Moreover, the
Th-C bonds appear to have less covalent character compared
to those of the other M-C bonds (M=Ce, U, Np, Pu), which is
accord with the above assessments.

-207.78

-151.87

UL, NpL, PulL,

Fig. 5 Natural orbitals for the chemical valence (NOCV) with the largest contribution to the orbital interaction energy for the
complexes ML,. The corresponding orbital interaction energy contribution for each NOCV pair is indicated in kcal/mol.

Conclusions

Scalar-relativistic theory was employed to explore the nature
of M-C bonds in lanthanide and actinide carbene complexes
ML, (M=Ce, Th, U, Np and Pu). Based on the structural data
available for UL, it was concluded that the geometrical
parameters obtained with BP86 functional provides the best
results among those considered. The five ML, possess similar
structures with M-C multiple bonds, the Ce-C bond distances
are close to the U-C distances, while the An-C bond distances

6 | J. Name., 2012, 00, 1-3

decrease with increasing actinide atomic number, in parallel
with decreasing An"Y ionic radii. A majority of the metal
valence electrons occupy the (n-1)d and (n-2)f orbitals in the
ML, (M=Ce, U, Np and Pu) complexes, whereas they reside
predominantly in 6d orbitals for ThL,. NBO analysis confirms
that the M-C bonds are highly polarized with the valence
electrons mainly localized on the carbon atoms. The M-C
bonds exhibit double bond character with o and =
contributions, except for the Th-C bond with the m-only
feature. There is similar composition and orbital contributions
for Ce-C and U-C bonds, and the 6d orbital contribution to An-
C bonds decreases while that of 5f orbitals increases across the

This journal is © The Royal Society of Chemistry 20xx
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actinide series from Th to U to Pu. QTAIM analysis reveals that
the M-C bonds in the complexes ML, have appreciable
covalent characters, with the smallest covalency for the Th-C
bonds. EST-NOCV analyses also indicate that the Th-C bonds
exhibit the least covalency. The degree of covalency essentially
depends on the contribution of f and d orbitals to the M-C
bonds. A result of this dependence is that the Pu-C bonds are
substantially covalent, while the Th-C bonds are less covalent.
The results reveal that Ce-C and U-C bonding has remarkable
similarity, and the covalency from Th-C to U-C to Pu-C
gradually increases. Inclusion of Np and Pu in this work
extends understanding to M-C bonding of later actinides.
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