
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ju

ne
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

2/
28

/2
02

4 
1:

07
:5

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Similar ligand–m
Department of Chemistry, University at Buffa

NY 14260-3000, USA. E-mail: jochena@buff

† Electronic supplementary information
material comprising atomic spin populati
and various CAS(PT2)-SR(SO) data. See DO

Cite this: Chem. Sci., 2018, 9, 6292

Received 18th December 2017
Accepted 10th June 2018

DOI: 10.1039/c7sc05373h

rsc.li/chemical-science

6292 | Chem. Sci., 2018, 9, 6292–6306
etal bonding for transition metals
and actinides? 5f1 U(C7H7)2

� versus 3dn

metallocenes†

Dumitru-Claudiu Sergentu, Frédéric Gendron and Jochen Autschbach *

U(C7H7)2
� is a fascinating 5f1 complex whose metal–ligand bonding was assigned in the literature as being

very similar to 3d7 cobaltocene, based on a crystal-field theoretical interpretation of the experimental

magnetic resonance data. The present work provides an in-depth theoretical study of the electronic

structure, bonding, and magnetic properties of the 5f1 U(C7H7)2
� vs. 3d metallocenes with V, Co, and Ni,

performed with relativistic wavefunction and density functional methods. The ligand to metal donation

bonding in U(C7H7)2
� is strong and in fact similar to that in vanadocene, in the sense that the highest

occupied arene orbitals donate electron density into empty metal orbitals of the same symmetry with

respect to the rotational axis (3dp for V, 5fd for U), but selectively with a spin ([). For Co and Ni, the

dative bonding from the ligands is b spin (Y) selective into partially filled 3dp orbitals. In all systems, this

spin delocalization triggers spin polarization in the arene s bonding framework, causing proton spin

densities opposite to those of the carbons. As a consequence, the proton spin densities and hyperfine

coupling constants A
1H
iso are negative for the Co and Ni complex, but positive for vanadocene. The A

1H
iso of

U(C7H7)2
� is negative and similar to that of cobaltocene, but only because of the strong spin–orbit

coupling in the actinocene, which causes A
1H
iso to be opposite to the sign of the proton spin density. The

study contributes to a better understanding of actinide 5f vs. transition metal 3d covalency, and

highlights potential pitfalls when interpreting experimental magnetic resonance data in terms of covalent

bonding for actinide complexes.
1 Introduction

Metal sandwich complexes are an important class of organo-
metallic compounds and have attracted the attention of theo-
reticians and experimentalists for many decades.1–4 These
compounds feature a metal center between two (nearly) parallel
arene ligands, usually in highly symmetric structures. Themetal
ion can be a low oxidation-state transition metal (TM),
a lanthanide (Ln), or an actinide (An). Common metallocenes
are the TM(C5H5)2, where a TM2+ ion is sandwiched between
two cyclopentadienyl ligands. This series debuted with the
discovery of ferrocene (TM ¼ Fe)5–8 in the 1950s, and new
members were synthesized soon aer. Common lanthanocenes
and actinocenes are the bis[8]annulene complexes M(C8H8)2 (M
¼ Ac or Ln).9–15 Cerocene (Ln ¼ Ce) and uranocene (Ac ¼ U) are
two well-studied examples from these series, the former
because of the mixed-valence oxidation state of the Ce center
(III+ vs. IV+),16–21 and the later because of the central role that U
lo, State University of New York, Buffalo,

alo.edu
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plays in the development of organoactinide chemistry.15,22–25

The set of known U-based sandwich complexes also includes
the unusual U(C7H7)2

� (a uranocene analogue).26–28 It has been
debated whether the oxidation state of U in this compound is
+III or +V. The +V oxidation state corresponds to U-5f1 and is
supported by magnetic measurements and crystal-eld (CF)
analyses,27,28 while a III+ oxidation state corresponds to U-5f3

and can be justied by the strong metal–ligand bonding in the
complex.28 Therefore, the metal center in U(C7H7)2

� can be
regarded as formally 5f3 UIII, or 5f1 UV with substantial ligand to
metal donation bonding. We note that the assigned formal
oxidation state and the actual metal charge may be different.

The lanthanocenes and actinocenes are of fundamental
interest in chemistry, because of the varying degree of the
involvement of the heavy metal orbitals in bonding interactions
via their 4f–5d and 5f–6d shells, respectively.15,24,29–32 It is
important to distinguish the symmetry of the frontier arene p

orbitals with respect to the principal symmetry axis of the
sandwich compound. In the following, we use subscripts s,p, d,
f for |m‘| ¼ 0, 1, 2, 3, such that, for instance, pd denotes a p

orbital of an arene ligand that has a d nodal pattern with respect
to the principal axis of the complex and can overlap with ametal
3dd or 5fd orbital.
This journal is © The Royal Society of Chemistry 2018
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Metal–ligand interactions are already complex in TM met-
allocenes, as evidenced in early studies,1,33–40 and perhaps even
more so in actinocenes.24,30,31 The complexity arises from
a number of factors: ligand-to-metal (L–M) donation and metal-
to-ligand (M–L) back-donation may take place, the L–M and
M–L interactions may have preference for a spin ([) over b spin
(Y), or vice versa, if the metal ion has unpaired spins, valence
electrons may be distributed among d and/or f metal-centered
orbitals such that multi-congurational electronic ground-
states (GSs) and low-energy excited states (ESs) arise, and
there may be non-vanishing orbital angular momenta in addi-
tion to the electron spin angular momenta. The picture gets
complicated further by spin polarization effects, and by rela-
tivistic effects. Spin–orbit coupling (SOC), in particular,
becomes very large in actinide complexes while at the same time
the comparatively large radial extension of the An 5f shell gives
rise to a 5f ligand eld (LF) that is much stronger than for the
lanthanide 4f shell. As a consequence, for actinides, 5f, along
with 6d and 7s, may participate in covalent bonding.31 The
complicated interplay of these interactions renders experi-
mental magnetic resonance data, for instance, difficult to
interpret without theoretical support.

Interestingly, there are experimental ndings that point to
rather similar ligand–metal bonding in the aforementioned
systems U(C7H7)2

� and Co(C5H5)2. In the remainder of this
work, U(C7H7)2

� will be considered to exhibit a 5f1 metal center
to underline the metal unpaired 5f electron count. In any case,
the assigned formal metal oxidation state, being either III or V,
has no bearing on the actual electron (spin) density in
U(C7H7)2

�. In a seminal article, Gourier et al.27 reported exper-
imental condensed-phase magnetic resonance data for
U(C7H7)2

�. Based on a CF model, Gourier et al. predicted g
factors in agreement with the experiment and concluded that
the GS of U(C7H7)2

� is predominantly 5fp in character (51.4%)
with an important admixture of 5fs (38.5%), as dictated by the
combined inuence of SOC and CF effects, and minor contri-
butions from 5ff and 5fd. A sizable negative isotropic 1H
hyperne coupling constant (HyFCC), A

1H
iso ¼ �2:7 MHz, was

interpreted as indicating negative spin density, i.e. an excess of
b-spin (Y) versus a-spin ([) density, at the arene protons in
U(C7H7)2

�, triggered by a positive spin density (excess [) at the
C centers and the McConnell spin polarization mechanism.34 In
turn, the positive carbon spin density was thought to be caused
by b-spin donation from the arene ps and pp orbitals into the
half-lled U orbitals of mixed 5fs–5fp character. On the basis of
the sign and magnitude of A

1H
iso and estimated spin density of

ra–b $ 0.036 in the individual C2pz
orbitals, and their similarity

with cobaltocene (A
1H
iso ¼ �2:4 MHz and ra–b $ 0.078),41 Gourier

et al. concluded that extensive covalent ligand–metal bonding
must be present in U(C7H7)2

�, and that it is similar to the
bonding Co(C5H5)2 as far as the spin density is concerned.

The apparent similarity of the metal–ligand bonding in these
two systems is very intriguing, because the interaction between
the Co 3d and U 5f orbitals with the ligand orbitals is expected
to be quite different already at the scalar relativistic (SR) level of
theory,28,29,41 i.e. without considering SOC. For instance, the
highest occupied arene frontier orbital, interacting most
This journal is © The Royal Society of Chemistry 2018
strongly with the metal, is pp for C5H5
� but pd for C7H7

3�, as
correctly noted by Gourier et al. The SOC is expected to
complicate the bonding picture for the U(C7H7)2

� further, while
it does not play a signicant role for cobaltocene or other TM
metallocenes. The overall spin density distribution in the two
sandwich complexes, and the underlying bondingmechanisms,
may therefore be very different. This would mean, however, that
a similar A

1H
iso for cobaltocene and the 5f1 U(C7H7)2

� is caused by
a mechanism that was not taken into consideration previously.
For instance, the observed sign for the A

1H
iso may also be due to

the PSO mechanism (paramagnetic interaction of the nuclear
spin with the electron orbital angular momentum). PSO
contributes to the hyperne coupling when there is an electron
orbital angular momentum. The latter may arise from spatial
degeneracies, from the SOC, or a combination thereof. For
details on the PSO and other mechanisms that inuence the
HyFCCs, we refer the reader to a selection of specialized
articles.42–48

Herein, the electronic structures, the chemical bonding, and
the magnetic properties (g factors, 13C and 1H HyFCCs), in
U(C7H7)2

� and TM(C5H5)2 with TM ¼ V, Co, and Ni are studied
in detail with relativistic density functional theory (DFT) and
multicongurational wavefunction methods. We specically
chose these three TM systems for comparison with the
U(C7H7)2

� because they show distinct L–M and M–L interac-
tions that translate into distinct magnetic properties.42,49–52 It is
shown that the L–M bonding in U(C7H7)2

� is in fact quite
similar to that in vanadocene, triggering positive spin densities
at the ligand protons. However, when SOC is accounted for, the
proton HyFCC in U(C7H7)2

� has a negative sign and is similar in
value to that of cobaltocene, even though cobaltocene has
negative spin density at the protons and different ligand to
metal donation bonding. The ndings suggest that a spin–orbit
induced PSO mechanism is crucial and determines the sign of
the proton HyFCC in U(C7H7)2

�.

2 Computational details

Equilibrium geometries for the TM(C5H5)2, TM ¼ V, Co, Ni, and
U(C7H7)2

� systems were obtained by SR-DFT employing the
Amsterdam Density Functional (ADF) package53 and the zeroth
order regular approximation (ZORA) all-electron relativistic
Hamiltonian.54 For the D5h structure of Co(C5H5)2 and an
excited state of U(C7H7)2

�, the DFT calculations were performed
using an ‘average-of-conguration’ (AOC) fractional orbital
occupation scheme to avoid symmetry breaking. Different
exchange–correlation functionals, namely the BP55,56 and
PBE57,58 generalized gradient approximations (GGAs) and the
B3LYP59–61 and PBE0 62,63 hybrid GGAs, were used in conjunction
with all-electron doubly-polarized triple-z (TZ2P) Slater-type
basis sets.64 Additional details of the electronic structures, e.g.
orbital occupations, atomic spin densities, were explored via
natural bond orbital (NBO) calculations.65 Similar calculations
were also carried at the eclipsed (D8h) experimental structure
with standard C–H bond lengths, of U(C8H8) (5f2 urano-
cene),13,14 in order to make comparisons with the 5f1 U(C7H

7)2
�.

If not indicated otherwise, plots of orbital isosurfaces
Chem. Sci., 2018, 9, 6292–6306 | 6293
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Fig. 1 Balls & sticks representations of the optimized structures of V
and Ni metallocene (left), Co(C5H5)2 (center, JT distorted structure),
and the averaged XRD structure of U(C7H7)2

� (right). Light grey
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correspond to AOC spin-restricted open-shell calculations with
a common set of a spin ([) and b spin (Y) orbitals, while spin
density plots and numerical spin populations are based on spin-
unrestricted DFT calculations with separate sets of a and b spin
orbitals.

With DFT, magnetic properties (g factors, A
13C
iso and A

1H
iso) were

calculated using the NMR,66,67 CPL68–70 and ESR71,72 modules of
ADF. In the NMR and CPL modules, the effect of SOC on the g
and A matrices is introduced via perturbation theory on top of
SR-ZORA ground states. In the ESR module, the effect of SOC
is treated self-consistently via the use of the two-component
relativistic spin–orbit (SO) ZORA Hamiltonian (SO-ZORA).
For metallocenes, the SO-ZORA calculations used a spin-
unrestricted formalism with collinear spin densities, to
allow for spin-polarization effects in the computation of the g
factors or HyFCCs, which are important for strong metal–
ligand covalency. For U(C7H7)2

�, the g factors and HyFCCs
were also calculated within a SO-ZORA approach that makes
use of a spin-restricted formalism. Although this restricted
formalism does not allow for the evaluation of spin polariza-
tion effects, it properly imposes Kramers symmetry, which is
more important for this system governed by strong SOC. The
aforementioned density functionals were used in the
magnetic-property calculations, in conjunction with
a quadruply-polarized quadruple-z (QZ4P) Slater-type basis set
for the metal,64 and the ‘jcpl’ augmented version of TZ2P for C
and H.73

Ab initio wave function calculations were performed using
the Molcas soware74 (pre v8.1 developers' version). The
complete active space self-consistent eld method (CASSCF)75

was used to introduce mostly static correlation. Dynamic
correlation was treated by complete active space perturbation
theory at second order (CASPT2).76 The PT2 calculations used
an imaginary shi of 0.2 and an ionization potential electron
affinity shi of zero. SR effects were treated via the second-
order Douglas–Kroll–Hess Hamiltonian77–80 in conjunction
with all-electron atomic natural orbital relativistically con-
tracted basis sets of polarized valence triple-z quality (ANO-
RCC-VTZP).81–83 Various active spaces (nel, morb), with nel being
the number of active electrons and morb number of active
orbitals, were considered for the different complexes as
detailed in Section S2 of the ESI.† Additional spin-polarization
effects were introduced through the restricted active space
conguration interaction approach (RASCI) following
a scheme analyzed by Suaud et al.84 (ESI, Section S2†). RASCI
was previously used to treat a limited extent of spin polariza-
tion in actinide complexes.44,45,85

SOC was treated in a conguration interaction fashion using
the restricted active space state interaction (RASSI) module86 of
Molcas. In this approach, a state-interaction matrix is con-
structed in the basis of the spin components of the SR CASSCF
states, the diagonal elements being either CASSCF or CASPT2
energies, and off-diagonal SOC matrix elements are computed
within a mean-eld approximation.87 All SOC calculations were
followed by computations of g factors using the approach
described in ref. 88 and implemented in the RASSI module of
6294 | Chem. Sci., 2018, 9, 6292–6306
Molcas. For brevity, SR/SOC CASSCF and CASPT2 is referred as
CAS-SR/CAS-SO and PT2-SR/PT2-SO in the following.
3 Results and discussion
3.1 Equilibrium structures and ground electronic spin-
states

The structures of the complexes are shown in Fig. 1. As the
structural features of the 3d metallocenes, and the question of
an eclipsed vs. staggered conformation, are well known, details
regarding the structure optimizations and experimental data
can be found in the ESI.† For the bonding analyses and the
magnetic property calculations in this study, optimized D5h

eclipsed conformers with a ve-fold rotational axis of symmetry
were used for the metallocenes with V and Ni. The 3d orbital
degeneracy of the metal ions is lied by the axial LF into a 3ds
(a01 in D5h) and twofold degenerate 3dd (e02) and 3dp (e001) orbitals.
For vanadocene, V2+ (3d3), the shell lling gives rise to a CF
(3ds)

1(3dd)
2(3dp)

0 conguration and a spin-quartet 4A01 GS. For
nickelocene, Ni2+ (3d8), the CF conguration is (3ds)

2(3dd)
4(3-

dp)
2 and the GS is a spin-triplet 3A01. Note that the 3d-shell

occupations are conrmed by experiments for both vanado-
cene89–91 and nickelocene.89,90,92

Cobaltocene affords a Co2+ (3d7) ion with a formal (3ds)
2(3-

dd)
4(3dp)

1 CF conguration.90,93 The unpaired electron in the
degenerate 3dp orbitals leads to an orbitally degenerate spin-
doublet GS, 2E00

1 in D5h symmetry. Jahn–Teller (JT) distor-
tions94,95 remove the orbital-degeneracy by symmetry lowering
to C2v, leading to a spin-doublet GS of 2B1 symmetry.49,93,96 The
structure affords three types of symmetry-unique C atoms
(Fig. 1), which are on average �2.10�A away from the Co center
(BP/TZ2P, Table S1†). Irrespective of the used functional, the
structural parameters of the optimized JT geometry are similar
to the ones found for the ve-fold symmetric structures because
the magnitude of the JT distortion is small. The optimized BP/
TZ2P C2v JT structure was used for subsequent calculations,
unless specied otherwise.

For U(C7H7)2
�, the axial LF lis the 5f degeneracy into a 5fs

(a002 in the D7h eclipsed structure), and pairs of twofold degen-
erate 5ff (e03), 5fp (e01) and 5fd (e002) orbitals. In a SR theoretical
description, the unpaired electron occupies the 5fs orbital,
giving rise to a spin-doublet electronic GS of

2
A002.

28 The opti-
mized SR geometry (see Table S1†) is in good agreement with
the experimental condensed phase X-ray diffraction (XRD) data.
corresponds to hydrogen atoms.

This journal is © The Royal Society of Chemistry 2018
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This suggests that structural changes due to SOC are insigni-
cant. The SR GS of U(C7H7)2

� is orbitally non-degenerate and
therefore it does not undergo JT distortions. On experimental
grounds however, due to crystal packing, the solid state struc-
ture exhibits a lower C2h symmetry,26 with U–C distances that
agree within 0.1�A. Since the distortion is small, a D7h geometry
with averaged experimental U–C and C–C distances and BP/
TZ2P optimized H positions (‘averaged experimental struc-
ture’) was used for subsequent calculations.
3.2 Electronic structures and metal–ligand bonding from
DFT calculations

In the LF molecular orbital (MO) picture, the metal orbitals may
form in-phase bonding and out-of-phase antibonding linear
combinations with ligand orbitals of matching symmetry,
which facilitates the important L–Mdonation bonding andM–L
back-donation. Frontier MO diagrams for the eclipsed TM
metallocenes and U(C7H7)2

� are shown in Fig. 2, along with
isosurfaces of relevant calculated orbitals.

3.2.1 Metallocenes. In the TM metallocenes considered
herein, the metal 3ds orbitals remain formally nonbonding in
Fig. 2 Frontier MO diagrams for the eclipsed TM metallocenes and U(C7

phase bonding and out-of-phase antibonding character. In each column,
/C2V symmetry reduction lifts the orbital degeneracies without changin
for D5h. The orbitals were obtained from AOC BP/TZ2P DFT calculations
(�0.02 a.u.).

This journal is © The Royal Society of Chemistry 2018
the molecules. The M–L back-bonding interactions between the
3dd metal and empty arene pd orbitals are moderately strong,
resulting in two pairs of twofold degenerate (pd–3dd)� MOs of
bonding (+, lled or half occupied) and antibonding (�, empty)
character. The (pd–3dd)+ MOs remain predominantly metal-
centered. The 3dp TM orbitals strongly interact with the lled
arene pp orbitals, generating twofold degenerate (pp�3dp)�
MOs with pronounced bonding (+) and antibonding (�) char-
acter, respectively. The (pp–3dp)� combinations correspond
formally to the metal 3dp orbitals in CF theory, but they exhibit
substantial mixing with the ligands.

In the investigated TM metallocenes, most of the spin
density is localized on the metal centers, as expected (Tables S3
and S4† and Fig. 3). Spin density in the ligands is caused by
spin-delocalization, due to spin-selective L–M donation and/or
spin-selective M–L back-donation, and ‘ne-tuned’ by spin
polarization effects,42,97,98 as shown in Fig. 4. For example,
a previous study showed that for nickelocene a positive spin
density, i.e. an excess of a spin, around the carbons and at the
carbon nuclei, as quantied experimentally by paramagnetic
effects on the NMR shis, is caused to ca. 85% by b spin L–M
donation and to 15% by M–L a spin delocalization.42 Spin
H7)2
�, and orbital compositions. The + and � subscripts denote the in-

the energetic ordering is from bottom to top. For cobaltocene, theD5h

g the relative ordering of s, p, and d, and therefore the diagram is drawn
in a spin-restricted open-shell fasion and are visualized as isosurfaces

Chem. Sci., 2018, 9, 6292–6306 | 6295
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Fig. 3 Spin density distributions (BP/TZ2P, �0.001 isosurfaces), for the eclipsed TM ¼ V, Co metallocenes and U(C7H7)2
� (experimental

geometry for the 5f1sGS and optimized geometry for the (pd–5fd)
1
� excited state (ES)), visualized perpendicular (left sub-panels) and parallel to the

principal symmetry axis (right). Contour-line plots show the spin polarization in the vertical plane, containing the principal rotational axis, and in
the horizontal plane defined by the C atoms of an arene ligand. The spin density plot for nickelocene is very similar to the one of cobaltocene and
therefore not shown. Color code: orange (light shading) and blue (dark shading) stand for negative and positive spin density respectively.

Fig. 4 Simplified schemes showing how a spin density in the TM
metallocenes and U(C7H7)2

� may arise at the arene C and H centers
due to metal–ligand donation bonding and spin polarization effects.
Each individual scheme shows the metal orbitals on the left side and
the ligand orbitals of appropriate symmetry on the right side. L–M (top)
and M–L (bottom) donation is evidenced with a blue arrow if it is
selective for the a spin, and a red arrow if it is selective for the b spin.
Double headed vertical arrows indicate spin polarization mechanisms.
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polarization then generates negative spin density at the ligand
protons, i.e. opposite in sign to the carbon spin density. Because
the ligand spin density is rooted in covalent effects, it can be
sensitive to the choice of the functional in DFT calculations
(‘delocalization error’).51,99 For the following semi-quantitative
discussion of the spin densities, the calculations with the BP
functional are deemed to be sufficiently accurate.28,49,50 It is
important to distinguish in the discussion between orbitals of
different spin, such that, for instance, 3da refers collectively to
the a spin TM 3d orbitals.

Mulliken and natural population analyses (MPA, NPA) were
carried out to determine the atomic spin populations, i.e.
measures of the integrated spin density per atom. The carbon
spin populations in cobaltocene and nickelocene are positive,
while the hydrogen spin populations are negative (Tables S3
and S4†). Both for Co(C5H5)2 and Ni(C5H5)2, L–M donation
6296 | Chem. Sci., 2018, 9, 6292–6306
occurs into the metal 3dp orbitals. Nickelocene has a lled
3dap shell, and therefore only b spin L–M donation can take
place as shown in Fig. 4 (see Table S6† for numerical values). In
Co(C5H5)2, the ligandmay donate both spins, but it is clear from
the calculations that b over a spin L–M donation is strongly
favored (0.95 vs. 0.58 electrons respectively, Table S5†).
Considering the JT structure, this is easily explained by the JT
energy splitting of the 3dp shell which renders the b spin
donation into the empty lower-energy 3dbp orbital (the corre-
sponding 3dap is lled) favorable over the donation of either spin
into the higher-energy 3dp spin orbitals. However, the calcula-
tions showed that even in the D5h structure with degenerate 3dp
orbitals, b spin donation is favored. That is, L–M donation
bonding is strongly b spin preferential both in nickelocene and
cobaltocene.

The preferential b-spin L–M donation leaves the arene pp

framework with excess a-spin density, which is the source of the
positive spin-density at the C centers in cobaltocene and nick-
elocene. A McConnell spin polarization mechanism34 of the
C–H bonds then causes negative spin-density at the protons.
These ndings are in agreement with old derivations,36,37,93,96

more recent calculations,42,50,51 and experimental NMR
data.36,100–103

M–L back-donation bonding involves predominantly the
lled 3dd metal orbitals. This donation is about twice as
pronounced in cobaltocene than in nickelocene (�0.30 vs. 0.15
electrons, see the sums of the 3dad and 3dbd populations in Tables
S5 and S6†) but only weakly spin-preferential. Hence, no
signicant excess spin density arises in the arene pd networks
from 3dd M–L back-donation for the two complexes. The Co and
Ni 3ds populations are close to 2 (a and b combined, Tables S5
and S6†), due to their nonbonding character, and therefore also
no signicant source of ligand spin density. Note that the
electron-spin ow due to bonding/back-bonding is essentially
the same for the ve-fold symmetric and the JT distorted
cobaltocene structures.

The ligand spin density pattern in vanadocene is opposite to
the Co and Ni counterparts, i.e. negative at C and positive at H.
In 1960, Levy and Orgel38 proposed a CF mechanism as follows:
the non-bonding 3ds and 3dd metal orbitals with single a-spin
occupations render a ligand pp electron transfer into the 3dp
orbitals energetically more favorable if the transferred electron
also has a spin, such as to maximize the number of parallel
This journal is © The Royal Society of Chemistry 2018
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spins at the metal. This would lead to an excess of b-spin density
at the carbons, and by further spin-polarization within the
ligand s system would create a-spin density at the protons. This
hypothesis was called into question in follow-up studies by
Prins37 and Rettig and Drago36 in 1969. In fact, however,
according to Fig. 2 there is a LF MO based mechanism that
captures the essence of the Levy–Orgel model: the singly occu-
pied 3ds and 3dd metal orbitals are able to spin-polarize the
bonding (pp–3dp)+ orbitals that result from the L–M donation
bonding, such that the a-spin component (pp–3dp)

a
+ is more

strongly metal-centered whereas the b-spin component (pp–

3dp)
b
+ is more ligand-centered. This would lead to the expected

outcome as far as the C and H spin densities are concerned.
The vanadocene ligand atomic spin populations listed in

Table S4† are small, because the core- vs. valence-shell spin
polarization in the ligands, L–M donation bonding, and M–L
back-bonding, cause competing effects. Irrespective of the
functional used in the DFT calculations, the Mulliken C and H
spin populations have the expected sign (C negative, H positive;
see also the plot of the spin density distribution in vanadocene
shown in Fig. 3), but the natural spin populations show varia-
tions. L–M donation occurs preferentially into the V
3dap orbitals, due to favorable exchange interactions (aligned
spins), and less into 3dbp orbitals (Table S6† and Fig. 4), leaving
excess b spin in the arene pp networks. This is in essence the
Levy–Orgel mechanism, which causes negative C valence spin
densities independently from the interaction of the ligand with
the V 3das orbital. Weak a-spin M–L back-donation from the V
3dd orbitals has the opposite effect on the carbons. The overall
carbon spin populations are therefore small and sensitive to the
functional used for the calculation. Some covalent interactions
of the 3ds spin orbitals with the arene ligands are evident from
Table S6,† but they are weaker than the aforementioned L–M
donation and M–L back-donation interactions. The source of
the negative and positive spin densities around the C and H
atoms, respectively, is rooted in a competing combination of the
Levy–Orgel mechanism with subsequent C–H spin polarization,
and M–L back-donation of a-spin density.

A recent analysis42 has shown the singly occupied V
3das orbital to be the main source of b-spin density at the arene
carbon nuclei. Due to V being near the beginning of the 3d
series, this orbital is radially very extended and overlaps with
the C 1s orbitals such that a-spin-selective Pauli repulsion
triggers an excess of C 1s b-spin density. Plots of the V 3das, Co
Fig. 5 Metal 3das/5f
a
s natural localized molecular orbital (isosurface

value of �0.02), and its composition, of the different TM metallocenes
and U(C7H7)2

�. BP/TZ2P calculations. Note the radial contraction of
3ds from V to Co and Ni.

This journal is © The Royal Society of Chemistry 2018
3das and Ni 3das natural localized MOs in Fig. 5 clearly show the
large radial extension for vanadium. The signs of the ligand
spin densities at the atomic nuclei are in line with the observed
NMR shis39,100,103 and reproduced in NMR calculations.42,50,52

The arene p orbital contributions to the carbon HyFCCs were
quite small. This means that the LF analog of the Levy–Orgel
mechanism is affecting the carbon valence shells but it does
apparently not produce a strong C 1s core spin polarization in
itself.

To summarize the interactions in the TM systems: for Co and
Ni, the main source of ligand spin density is L–M b-spin
donation into the partially lled 3dp metal orbitals, leaving
excess a spin at the carbons and – via spin polarization – excess
b spin at the protons. The M–L back donation is not strongly
spin selective and weakly reinforces the spin effects from the
L–M donation. For V, there is L–M a-spin donation into the
empty 3dp metal orbitals, leaving excess b spin at the carbons
which causes excess a spin at the protons. The M–L back
donation from the 3dd orbitals in vanadocene is also a spin
selective and counter-balances the spin effects of the L–M
donation to some extent.

3.2.2 Electronic structure and bonding in U(C7H7)2
�. For

the C7H7
3� ligand of U(C7H7)2

� the highest occupied fragment
orbital is of pd symmetry. L–M donation bonding is therefore
facilitated predominantly by the pd arene orbitals. The bonding
interactions involve both U 5f and 6d orbitals,28 but we focus
here on the 5f orbitals because of the interactions with the
unpaired electron in the same shell. Unlike the TM 3dp orbitals,
the U 5fp interact much weaker with the arene pp MOs, the
resulting orbitals being essentially nonbonding. Likewise, the U
5fs orbital is essentially nonbonding, similar to the 3ds orbitals
in the TM metallocenes.

In order to rationalize the negative sign of A
1H
iso deduced from

the magnetic resonance experiments, Gourier et al.27 proposed
a scheme for the spin density distribution in U(C7H7)2

�

according to which the C and H centers have positive and
negative spin densities. The scheme (see Fig. S3†) described
a L–M selective b-spin donation mechanism into the singly
occupied MO of essentially mixed 5fs (38.5%) and 5fp (51.4%)
character (dictated by the combined effects of LF and SOC),
assuming that the 5fs and 5fp orbitals are both covalently
bonded. Since the spin density ow according to this scheme is
similar to Co(C5H5)2, as far as the ligands are concerned,
a similar covalent metal–ligand bonding was assumed to be
present in the two sandwich complexes.

This conclusion does not hold true according to the present
SR-DFT calculations, which consistently predict negative/
positive spin densities at the C/H centers (Fig. 3, numerical
data in Table S3†). The differences to the mechanism predicted
by Gourier et al. are related to the non-bonding character of the
5fs orbital which does not promote b-spin donation from the
arene ps MOs. This is also reected in Table S5† which shows
only a very small occupation of 0.04 of the 5fbs orbital. Likewise,
L–M electron donation into the 5fp orbitals occurs to only
a slight extent, given that the 5fp orbitals are also essentially
nonbonding, and this donation is not spin selective. Moreover,
a similar ligand spin density has been obtained from SR-DFT
Chem. Sci., 2018, 9, 6292–6306 | 6297
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Fig. 6 Spin density distributions (isosurfaces, �0.001) for the
(5fbp)

1 excited electronic state of U(C7H7)2
�. Contour-line plots show

the spin polarization in the vertical plane, containing the seven-fold
rotational axis, and in the horizontal plane defined by the C atoms of an
arene ligand. AOC BP/TZ2P calculations with optimized structure.
Color code: orange (light shading) and blue (dark shading) stand for
negative and positive spin density, respectively.
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test calculations using the experimental distorted geometry for
U(C7H7)2

� (not shown).
A comparable bonding scenario between U(C7H7)2

� and
Co(C5H5)2 as proposed by Gourier et al. (Fig. S3†), would be
present if the unpaired electron in U(C7H7)2

� would localize in
the (pd–5fd)� MOs. I.e. in a CF picture, the UV+ ion would have
the unpaired electron in the 5fd shell. This scenario would
indeed be cobaltocene-like: the partially lled U 5fd shell would
receive preferential b-spin donation from the occupied arene pd

frontier orbitals, leaving excess a spin at the carbons and spin-
polarized proton environments with an excess of b spin.

To conrm this hypothesis, a (pd–5fd)
1
� excited state congu-

ration for U(C7H7)2
� was optimized at the BP/TZ2P level. The

obtained geometry was nearly identical to the (5fs)
1 GS, but

1.88 eV (181 kJ mol�1) higher in energy, and the obtained Mul-
liken (natural) atomic spin populations for the U, C andH centers
were 0.663 (0.648), 0.025 (0.026) and�0.001 (�0.001) respectively,
i.e. close to those obtained for cobaltocene (Table S3†). The
striking similarity with the GS of Co(C5H5)2 is also clearly seen in
the spin density plots in Fig. 3. What renders the bonding
scenarios similar now, between the 3d metallocene and the
actinocene, is that in each case the highest occupied arene
orbitals interact strongly with a partially lled metal valence shell
of the same symmetry with respect to the rotational axis, leading
to similar donation bonding and – importantly – to very similar
spin preferences in this donation bonding. The fact that the
donating orbitals are of d symmetry with respect to the symmetry
axis in the actinide case, but of p symmetry in cobaltocene, is
secondary. However, this similar bonding and spin-density
distribution in the 5f1 U(C7H7)2

� and d7 cobaltocene occurs
only if one considers an excited state of the former system that is
not populated at room temperature or below.

There are potentially two vanadocene-like mechanisms
according to which spin density could be distributed in
U(C7H7)2

� GS as a consequence of metal–ligand bonding: a L–M
spin-selective donation mechanism (as shown in Fig. 4) and
a direct spin-polarization of the ligand s orbitals. A spin polari-
zation mechanism mediated by the U 6s and 6p orbitals was
speculated to operate in the 5f2 uranocene complex, U(C8H8),
driving the ligand 1H and 13C contact shis.104,105 However, as
detailed in Section S5,† we found no evidence of a mechanism
involving U 6s/p, or a direct polarization as in vanadocene, and
overall qualitatively similar spin density distributions and L–M
donation mechanisms in the two actinocenes. We leave
a discussion of the U(C8H8) NMR shis for a separate study.

Considering a vanadocene-like L–M spin-selective donation
bonding (as shown in Fig. 4), this scenario is supported by the
fact that the relevant orbitals participate strongly in covalent
bonding (Fig. 2). As in vanadocene, selective a-spin donation,
favored by exchange interactions in an Orgel–Levy type fashion,
occurs into the U 5fad spin-orbitals, leaving excess b-spin density
in the arene pd networks which cause the calculated negative C
spin populations and ultimately positive H spin populations
(Table S3†).

The effect of SOC on the spin density distribution in
U(C7H7)2

� will complicate the effects further. As shown in the
following section, SOC mixes the (5fs)

1 (�70%) and the (5fp)
1

6298 | Chem. Sci., 2018, 9, 6292–6306
(�30%) congurations in the GS of U(C7H7)2
�. The mixing is

such that 5fbp spin-orbitals are populated at the expense of the
5fas spin-orbitals, because the SOC mixes opposite spin projec-
tions. A L–M donation bonding into the 5fd empty orbitals in
a (5fbp)

1 conguration of the metal would follow a vanadocene-
like Orgel–Levy mechanism, too, in the sense that it would be
spin-selective such as to maximize the parallel spins at the
metal. This aspect is evident from the spin density visualized in
Fig. 6 for an excited (5fbp)

1 conguration of U(C7H7)2
�. The L–M

donation is b spin selective and leaves excess a spin density at
the carbons. A competing a- vs. b-spin L–M donation triggered
by the SOC must therefore be expected. However, given that the
(5fp)

1 conguration has only a minor contribution to the SOC
GS of U(C7H7)2

�, SOC does not change the signs of the ligand
atomic spin populations relative to the SR calculations, it only
reduces their magnitudes.

We conclude that a similar metal–ligand bonding takes place
in the 5f1 U(C7H7)2

� and the 3d3 vanadocene. The L–M selective
a-spin donation, common to both systems, can be viewed as
resulting from interactions by which the number of unpaired
spins in formally non-bonding orbitals at the metal is maxi-
mized. Since we are concerned with exact or near spatial
degeneracies, however, and since the SOC may take a strong
inuence on the electronic structure of the 5f1 U(C7H7)2

�, it is
important to corroborate the DFT analysis with the help of
multi-congurational wavefunction calculations, and with
explicit calculations of the magnetic properties. The application
of multicongurational wavefunction methods to study ener-
getics and bonding scenarios in metallocenes, lanthanocenes
and actinocenes has proved to be very valuable previously.106–111
3.3 Electronic structure and metal–ligand bonding from
wave-function approaches

3.3.1 Electronic structures and bonding in the metal-
locenes. Fig. 7 displays selected optimized active-space natural
orbitals (NOs) and their occupations for the TM metallocenes.
Tables S7 and S8† gather the relative energies of low-energy
electronic congurations. The CASSCF (‘CAS’) and CASPT2
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Selected GS NOs and their occupations obtained from CAS-SR calculations on the eclipsed BP/TZ2P geometries of the TMmetallocenes.
The converged NOs for cobaltocene are shown as isosurfaces (�0.02) and representative of the series.

Table 1 GS atomic spin populations obtained from ab initio wave-
function calculationsab

System/approach Metal center C H

Co(C5H5)2 Co C H
CAS(11, 12)-SR 0.830 0.015 0.002
RASCIc 0.820 0.020 �0.002
V(C5H5)2 V C H
CAS(7, 7)-SR 2.960 0.003 0.001
RASCIc 3.030 �0.004 0.001
U(C7H7)2

� U C H
CAS(9, 13)-SR 1.218 �0.015 �0.001
RASCIc 1.216 �0.014 �0.001

a The eclipsed BP/TZ2P geometries are used for the TM metallocenes
and the eclipsed experimental geometry is used for the actiocene.
b Italic type is used to indicate that the dimension of the
conguration interaction space is too small to create qualitatively
correct spin populations. c See Section S2 for details on the chosen
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(‘PT2’) approaches predict GSs that are energetically well sepa-
rated from the rst excited states (ESs) of the same spin
multiplicity, for all metallocenes. The ES corresponds essen-
tially to mixed 3ds/(pd–3dd)+ / (pp–3dp)� excitations, i.e.
formally these are d-to-d ligand-eld transitions. As expected,
SOC has no qualitative impact on the electronic structures of
the TM metallocenes, as it has nearly no effect in the free ions
themselves (see Table S9†). Upon a closer look, of course, SOC
induces slight zero eld splittings (ZFS) in the GSs of vanado-
cene and nickelocene of �2 cm�1 and �39 cm�1 (PT2-SO),
respectively, in good agreement with experimental ZFS param-
eters D of �2.8 cm�1 for vanadocene39,91 and �34 cm�1 for
nickelocene.40,112,113

The various CAS calculations predict an essentially single-
congurational GS for each metallocene, as the orbital degen-
eracy of cobaltocene is split by �0.42 eV upon the JT distortion
(which is roughly the same as the corresponding orbital energy
splitting for the a-spin orbitals in the BP DFT calculation). The
NOs and their occupations are in qualitative agreement with the
DFT calculations, showing that the unpaired electron(s) are
localized in the (pp–3dp)�MOs in cobaltocene and nickelocene,
and in the 3ds and (pd–3dd)+ MOs in vanadocene. Electron
correlation involving the (pp–3dp)+ and (pp–3dp)� MO pairs
causes some modest multi-reference character with partial (pp–

3dp)� occupations, which appears to be the strongest in the GS
of cobaltocene, and this correlation is required to obtain the
correct ground spin state for this system (see Section S3†). The
DFT analysis already revealed that these two pairs of MOs are
vital to capture the majority of spin delocalization due to L–M
donation bonding in either of the metallocenes. This spin-
preferred donation is further conrmed by the CAS-SR GS
atomic spin-populations (MPA) collected in Table 1 for
Co(C5H5)2 and V(C5H5)2. However, the signs of the H spin
populations in cobaltocene, and of C in vanadocene are not
reproduced by CAS-SR calculations with attainable active
spaces, because they are dominated by spin polarization of the
arene s networks. An even qualitative description of these
effects requires much larger active spaces, for which an orbital
optimization becomes impractical. The signs for the C and H
atomic spin-populations in cobaltocene and vanadocene in
Table 1 agree qualitatively with those from the DFT calculations
when a much larger orbital active space is used in a ‘RASCI’
approach (see details in Section S2†).
This journal is © The Royal Society of Chemistry 2018
3.3.2 Electronic structure and bonding in U(C7H7)2
�.

Characterizations of the low-energy electronic states of
U(C7H7)2

� are provided in Table 2. The NOs and their occupa-
tions are shown in Fig. 8. The interested reader is directed to
Tables S10–S12† for results obtained with different active
spaces, equilibrium geometries, and basis sets.

Without SOC, the GS is 2S and the wavefunction is mostly
single-congurational. The dominant conguration is (5fs)

1

with about 80% weight. The next most important weight
corresponds to excited congurations in which electrons are
promoted from (pd–5fd)+ to (pd–5fd)� MOs, as indicated by the
GS NO occupations listed in Table 2 and Fig. 8. Above 2S appear
two orbitally doubly degenerate states, rst 2F and then 2P.
Similar to the GS, these states are dominated by the expected
(5ff)

1 and (5fp)
1 congurations, and the wavefunctions have

contributions from congurations that correspond to (pd–5fd)+
to (pd–5fd)� excitations. That is, these low-energy states are
mainly assigned to single-electron LF transitions among the U
5fs, 5fp, and 5ff orbitals, while the electron correlation mixes
(pd–5fd)+ to (pd–5fd)� excited congurations into the respective
wavefunctions. At a much higher energy, �1.9 eV with CAS-SR
and �1.8 eV with PT2-SR, occurs the 2D state where the
unpaired electron populates the antibonding (pd–5fd)� MOs, in
agreement with DFT/BP results (see the previous section and
ref. 28).
RAS subspaces.

Chem. Sci., 2018, 9, 6292–6306 | 6299
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Table 2 Low-lying electronic states for U(C7H7)2
�: wavefunction compositions and relative energies obtained from CAS-SR/SO (PT2-SR/SO

data in parentheses)a

State Compositionb DE (eV) Compositionc DE (eV)

CAS(9, 13)-SR CAS(9, 13)-SO
2S (6d+d)

3.95(5f+d)
3.74(5fs)

0.99(5f�d )
0.24 0.00 (0.00) 70%2S + 30%2P 0.00 (0.00)

2F (6d+d)
3.94(5f+d)

3.74(5ff)
0.99(5f�d )

0.25 0.29 (0.40) 98%2F + 2%2D 0.17 (0.28)
2P (6d+d)

3.95(5f+d)
3.72(5fp)

0.99(5f�d )
0.23 0.50 (0.47) 92%2P + 8%2D 0.82 (0.80)

2D (6d+d)
3.94(5f+d)

3.56(5f�d )
0.97(5ff)

0.23(5fp)
0.15 1.91 (1.83) 70%2P + 30%2S 0.93 (0.92)

100%2F 0.94 (1.06)
92%2D + 8%2P 2.13 (2.07)
98%2D + 2%2F 2.39 (2.32)

a The eclipsed experimental geometry is used. b The compositions of the SR wave functions are given in terms of the NOs that are signicantly
populated; the 6d+d, 5f

+
d and 5f�d notations are used for brevity instead of (pd–6dd)+, (pd–5fd)+ and (pd–5fd)� (see Fig. 8). c Given in terms of the SR

states on the rst column.
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The electronic structure of U(C7H7)2
� is dictated by a delicate

interplay between SOC and LF effects. If one considers a free UV

ion, the SOC splits (Table S9†) the 2F SR ground term into the
sixfold degenerate 2F5/2 and eightfold degenerate 2F7/2 SOC
levels, characterized by a total angular momentum J ¼ 5/2 and
7/2, and the projections MJ ¼ J,., �J. In the complex, (i) each J
manifold splits into Kramers doublets, and (ii) due to the high
symmetry,MJ remains a good quantum number such that states

of different J but same MJ mix. For example,
��J;MJi ¼

���5
2
; � 1

2

E

and
���7
2
; � 1

2

E
free ion spinors may mix, which serves to adjust

the relative admixture of the SR 2S and 2P components of
opposite spin in the SOC GS. The SOC can also mix 2P with 2D,
and 2D with 2F. Since the 2D state is high in energy, its SOC
Fig. 8 NOs (isosurface value of �0.02) and their occupations for the U
experimental structure. SR and SOC occupations are listed on the first a
also visualized with an isosurface of �0.001. Color code for ra–b: orange
spin density, respectively.

6300 | Chem. Sci., 2018, 9, 6292–6306
mixing with the other states is insignicant (Table 2), which
also causes the 2F states to undergo only weak SOC.
Pronounced SOC mixing occurs between the closely spaced 2S

and 2P states.
The SOC GS is clearly of 2S parentage (70%) but exhibits

a sizable 2P weight (30%) as shown in Table 2. The 2S–2P SOC
mixing is also evident through the comparison of the natural
occupations listed in Fig. 8, which shows that under the effect of
SOC, �0.3 electrons are depleted from the 5fs orbital and
redistributed among the 5fp orbitals. The CAS(9, 13)-SR(SO) and
PT2(9, 13)-SR(SO) potential surface scans (Fig. S2†) along the
metal-ring distances show, however, that the structures ob-
tained with or without the treatment of SOC are identical, due to
the predominantly non-bonding nature of the 5fs and 5fp
orbitals. This is also the reason why the SR-DFT structure
(C7H7)2
� GS, obtained through CAS(9, 13) calculations on the eclipsed

nd second line respectively. The GS CAS(9, 13)-SR spin density (ra–b) is
(light shading) and blue (dark shading) stand for negative and positive

This journal is © The Royal Society of Chemistry 2018
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optimizations are reliable. The obtained PT2-SO and the
experimental metal-aryl distances (1.98�A) are identical, proving
the adequacy of the active space in capturing the bonding
interactions in this actinocene.

It is worth noting that Gourier et al.27 assigned a dominant
5f1p character, instead of 5f1s, for the GS of U(C7H7)2

�, based on
a CF analysis of the g factors. Gourier et al. established that the���5
2
; � 1

2

E
Kramers pair dominates the SOC GS. The electron

density weight for these spinors is 57.1% 5fp and 42.9% 5fs.114

To achieve agreement of the calculated and the measured g

factors, however, a mixing of the
���5
2
; � 1

2

E
with

���5
2
; � 5

2

E

spinors was proposed (in proportions of about 90% and 10%),
which would only be allowed if the high symmetry of the

complex were removed. The composition of the
���5
2
; � 5

2

E

spinors is 5fd (14.2%) and 5ff (85.8%),27,114 such that the mixing
would introduce 5fd and 5ff character in the GS. The nal SOC
GS composition was concluded to be 5fp (51.4%), 5fs (38.5%),
5ff (8.9%) and 5fd (1.5%). A derivation is presented in Section
S4.† The difference with the GS composition predicted by the ab
initio calculations arises from the fact that in the LF picture the
5fp metal orbitals are destabilized relative to 5fs, which reduces

the p contributions in the GS relative to the
���5
2
; � 1

2

E
free-ion

spinors. This mechanism involves free-ion states of different J
but same MJ that are allowed to mix under the linear symmetry
of the complex, but not in the free metal ion.

Table 1 lists GS atomic spin populations obtained from
CAS(9, 13)-SR and RASCI approaches. An isosurface plot of the
CAS(9, 13)-SR spin density is shown in Fig. 8. In agreement with
DFT (Table S3†), the wavefunction calculations predict negative
spin populations at the carbons, and an excess of a spin density
at uranium beyond the formal single occupation. As already
stated in the DFT analysis, positive spin populations at the H
centers are then caused by the McConnell polarization mecha-
nism, which acts via the ligand s networks. Attempts to capture
this polarization via RASCI calculations were unsuccessful due
to technical limitations regarding the size of the active space.
Nonetheless, the wavefunction calculations show clearly that, in
the GS of U(C7H7)2

�, an electron ow within the p system,
facilitated in particular by the metal–ligand bonding (pd–5fd)+
MOs, creates negative spin density at the ligand C centers, in
agreement with the DFT calculations. Agreement was further
noted for the spin populations of the U and C atoms in the 2P

and 2D excited states. For instance, in the 2D excited state,
values of 0.675 and 0.021, respectively, were obtained, which are
similar to those obtained from BP/TZ2P. Therefore, the ab initio
wavefunction calculations conrm that a cobaltocene-like spin
density distribution in U(C7H7)2

�, i.e. with excess a spin density
at the carbons due to L–M b-spin donation into a partially lled
metal shell, occurs only in a high-energy excited state.

In order to visualize the effect of SOC on the spin magneti-
zation (‘spin density’) in U(C7H7)2

�, isosurfaces of the GS
natural spin-orbitals (NSOs)108,114,115 and spin magnetizations
are shown in Fig. 9. CAS-SO spin and angular momentum
expectation values, hSi and hLi, are listed in Table S13.† The k
This journal is © The Royal Society of Chemistry 2018
direction is along the principal axis of symmetry, coinciding
with the z direction. Without SOC and with the usual choice of z
for the spin quantization axis, the spin magnetization corre-
sponds to the usual spin density, and hSki would be equal toMS.
The hSki and hLki are around �0.197 and �0.298, i.e. very
different from the hSki ¼ �0.5 for a SR spin-doublet GS and hLki
¼ 0 for an unpaired electron in the 5fs orbital. The NSO data
reaffirm that the difference in the SOC and SR hSki and hLki
values is caused predominantly by the SOC mixing of the 5fs
and 5fp orbitals, and, to a lesser extent, by the 5fd admixture in
the SR wavefunction (Fig. 9). The k spin magnetization (mk) is
concentrated in a prolate shape around the actinide center,
clearly showing its origin from the spins at the uranium center.
The spin magnetization plots also show important contribu-
tions from the ligand p network, facilitated by the covalent pd–

5fd interactions. Indeed, the 5fd and 6dd bonding NSOs bring
positive contributions to the metal-based spin magnetization,
meanwhile the corresponding antibonding NSOs bring negative
contributions to the largely ligand-based spin magnetization
which is ultimately seen in either plot of mk. The behavior
appears similar to the LF Levy–Orgel mechanism for the spin
density distribution in vanadocene.
3.4 Magnetic properties

3.4.1 g factors. The calculated g factors for the TM metal-
locenes (Table 3 for TM ¼ Co and Table S14† for TM ¼ V, Ni)
agree well with the experimental data, irrespective of the used
computational approach. Notably, axial g tensors are obtained
for V(C5H5)2 and Ni(C5H5)2 with g factors close to ge ¼ 2.0023.
For cobaltocene, the g tensor is rhombic. For this system,
various experiments delivered a range of different values for the
three g components, all signicantly below ge. The experimental
data collected in Table 3 were derived from EPR by Rudin et al.
for cobaltocene diluted in a Mn(C5H5)(CO)3 host crystal.41 A
more extensive EPR study was performed by Hulliger et al. who
found the three rhombic g factors to be 1.16, 1.38 and 1.94 in
a nickelocene host, 1.14, 1.22 and 1.59 in a ruthenocene host,
and 1.69, 1.81 and �1.81 in a ferrocene host.116

For U(C7H7)2
�, the only experimental data available are from

the EPR study of Gourier et al.27 who reported an axial g tensor
with �gk ¼ 1.24 and �gt ¼ 2.37. The g factors predicted by
CAS(PT2)-SO calculations are in good agreement with the
measurements (Table 3). A comparison between the g factors
obtained with the different active spaces (see Table S15†) reveals
the origins of the gk and gt components. gk is predicted roughly
similar by all of the active spaces and therefore it is due to the
SOC of the 5fs and 5fp orbitals in the presence of the ligands,
creating an orbital magnetic moment. On the other hand, the
magnitude of gt is driven by the metal–ligand bonding and
dictated by the 5fd admixture into the GS. The differences from

|gk|¼ 0.86 and |gt¼ 2.57| for idealized
���5
2
; � 1

2

E
spinors shows

how the measured and calculated ab initio g-factors indicate the
deviations of the GS wavefunction from the free-ion Kramers
pair. It is important to reiterate that the observed |gk| ¼ 1.24 is
closely tied to a much larger contribution of 5fs in the GS than it
Chem. Sci., 2018, 9, 6292–6306 | 6301
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Fig. 9 NSOs and spin populations for a magnetic field along the k direction (along the principal symmetry axis), for the U(C7H7)2
�GS component

with hSZi > 0, from CAS(9, 13)-SO calculations. The spin-magnetization component mk is also shown. The spin populations add up to 2 hSki.
Isosurface values:�0.02 (NSOs),�0.001 (spinmagnetization). Formk, the polarizedmagnetization in the vertical plane containing the seven-fold
rotational axis and in the horizontal plane defined by the C atoms of an arene ligand, are also shown. Color code for mk: orange (light shading)
and blue (dark shading) correspond to negative and positive contributions.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ju

ne
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

2/
28

/2
02

4 
1:

07
:5

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
is present in the free ion spinors. This also implies that, in the
GS of U(C7H7)2

�, there is actually a LF admixture of the���5
2
; � 1

2

E
and

���7
2
; � 1

2

E
free ion spinors.

The g factors predicted by relativistic DFT calculations
expose some difficulties to capture the delicate balance between
LF and SOC in the U(C7H7)2

� GS with this single-conguration
approach. The SR-ZORA calculations with a pure functional,
treating SOC as a linear perturbation, give gk close to ge and
a nearly vanishing gt. This is due to the failure of perturbation
theory to recover the strong effect of SOC on gk, and due to the
inability to account for the multicongurational GS, which
affects gt. It is worth noting that the SR-ZORA approach yields
Table 3 Calculated GS g factors for cobaltocene and U(C7H7)2
�a

Approach

Co(C5H5)2 U(C7H7)2
�

g1 g2 g3 gk gt

BP SR-ZORAb 1.84 2.01 2.05 2.00 0.43
SO-ZORA 1.84 2.01 2.05 1.42 1.15

PBE SR-ZORAb 1.83 2.01 2.05 2.00 0.42
SO-ZORA 1.83 2.00 2.05 1.43 1.10

B3LYP SO-ZORA 1.47 1.52 2.47 1.37 1.28
PBE0 SO-ZORA 1.51 1.51 2.46 1.34 1.34
CAS-SOc 1.78 2.04 2.16 1.38 2.27
PT2-SOc 1.77 2.03 2.16 1.36 2.33
Expt.d 1.73 1.89 1.96 1.24 2.37

a The JT geometry is used for cobaltocene and the eclipsed experimental
geometry is used for U(C7H7)2

�. b Perturbative treatment of SOC. c The
CAS(11, 12) is used for cobaltocene and the CAS(9, 13), for U(C7H7)2

�.
d Data from ref. 41 for cobaltocene and from ref. 27 for U(C7H7)2

�.

6302 | Chem. Sci., 2018, 9, 6292–6306
correct g factors for the TM metallocenes since these systems
are neither governed by strong SOC nor do they have multi-
congurational GSs. When SOC is introduced self-consistently
in the SO-ZORA DFT calculations, and notably when a hybrid
functional is used, the U(C7H7)2

� gk greatly improves but gt
does not. That is, the strong SOC is accounted for correctly, but
the multicongurational GS is still not described well. g factors
for various excited states of U(C7H7)2

� were calculated using the
SO-ZORA/BP approach, and compared to PT2(9, 13)-SO (Table
4). The DFT and wavefunction calculations give comparable
relative energies between the different states, and the excited
state g factors agree very well, too. The excited states are orbi-
tally degenerate, but otherwise they have less of a multi-
congurational character than the GS. Consequently, the state
energies and g factors are well described by SO-ZORA DFT
calculations where each degenerate pair of orbitals shares the
electron occupation evenly.

3.4.2 Isotropic 1H and 13C HyFCCs. Sizable isotropic ligand
HyFCCs are usually associated with the Fermi-contact electron
spin mechanism and formally relate to the presence of spin
density at the probed nuclei due to covalent bonding between
a paramagnetic center and the ligands, and spin polarization.
In this case, the isotropic HyFCC for a given C or H atom in the
ligands is proportional to the spin magnetization (spin density)
at the nucleus and has the same sign as the latter. Due to
practical limitations of the CAS approach to produce an accu-
rate atomic core spin polarizations within the ligands, we
resorted to a variety of DFT methods for the HyFCC calcula-
tions. Isotropic 13C and 1H HyFCCs are listed in Table 5 for
cobaltocene and U(C7H7)2

�, and in Table S16† for vanadocene
and nickelocene. For the JT structure of cobaltocene, the A

13C
iso
This journal is © The Royal Society of Chemistry 2018
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Table 4 Calculated g factors for various SOC states of U(C7H7)2
�a

SO state

SO-ZORA/BP PT2(9, 13)-SO

DEb (eV) gk gt DEb (eV) gk gt

2S1/2 0.00 1.42 1.15 0.00 1.36 2.33
2F5/2 0.31 3.96 0.00 0.27 4.08 0.00
2P3/2 0.75 3.67 0.00 0.80 3.78 0.02
2D5/2 2.35 5.93 0.00 2.32 5.70 0.01

a The eclipsed experimental geometry is used. b The SO-ZORA relative
energies are obtained in DSCF calculations while the PT2-SO
excitation energies are from Table 2.
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and A
1H
iso correspond to the average of the individual isotropic

HyFCCs.
For the metallocenes, the calculated A

13C
iso and A

1H
iso vary among

different functionals but are in qualitative agreement and in
reasonable quantitative agreement with available measure-
ments. As in the case of the g factors, the weak SOC is suffi-
ciently accounted for by the SR-ZORA plus perturbative SOC
approach. The signs of A

13C
iso and A

1H
iso in the different metal-

locenes are in agreement with the signs of the calculated atomic
spin populations and further validate the deduced mechanisms
that cause the spin density distributions due to metal–ligand
bonding. In particular, positive and negative A

13C
iso and A

1H
iso are

predicted for cobaltocene, in agreement with the positive and
negative atomic spin populations that arise through the cova-
lent metal–ligand bonding interactions.

DFT is expected to give reasonable ligand HyFCCs also for
U(C7H7)2

�, since they are not as sensitive to the mixing among
the different non-bonding uranium orbitals as the g-tensor. At
the SR level, irrespective of the used functional, the A

13C
iso and A

1H
iso

are negative and positive, respectively, in agreement with the
signs of the calculated C and H atomic spin populations. The
sign of A

1H
iso is in disagreement with that of cobaltocene, but also
Table 5 Calculated isotropic HyFCCs (MHz) for cobaltocene and
U(C7H7)2

�a

Functional Approach

Co(C5H5)2 U(C7H7)2
�

A
13C
iso A

1H
iso A

13C
iso A

1H
iso

BP SR-ZORA 4.95 �2.97 �0.59 5.10
SR-ZORAb 4.85 �2.97 �0.18 5.19
SO-ZORA 4.81 �2.97 �0.64 (�1.55)c �1.33 (�0.95)c

PBE SR-ZORA 5.39 �2.86 �0.69 5.02
SR-ZORAb 5.28 �2.86 �0.28 5.12
SO-ZORA 5.37 �2.86 �0.65 �1.34

B3LYP SR-ZORA 5.56 �1.85 �1.12 4.99
SO-ZORA 5.43 �1.86 �0.61 �1.15

PBE0 SR-ZORA 6.00 �1.96 �1.36 5.32
SO-ZORA 5.88 �1.97 �0.64 (�2.20)c �1.15 (�1.48)c

Expt.d — �2.4 — �2.7

a GS data. The JT BP/TZ2P geometry is used for cobaltocene while the
eclipsed experimental geometry is used for U(C7H7)2

�. b Perturbative
treatment of SOC. c The value in parenthesis were obtained from
a spin-unrestricted collinear SO-ZORA calculation using TZP basis
sets. d Data from ref. 41 for cobaltocene and from ref. 27 for U(C7H7)2

�.

This journal is © The Royal Society of Chemistry 2018
with the measurement. Rather, the calculated SR A
1H
iso for

U(C7H7)2
� is in qualitative agreement with that of vanadocene.

The reader is reminded that the spin density distribution
(and, to some degree, its mechanism), due to metal–ligand
bonding, is similar for U(C7H7)2

� and vanadocene, but not
cobaltocene or nickelocene. The empty 5fd orbitals of the U
center and the partially lled 3dp orbitals of the Co center, that
are primarily involved in metal–ligand bonding, are responsible
for opposite signs of the carbon spin densities within U(C7H7)2

�

and cobaltocene, and therefore ultimately also for the sign of
the electron spin contributions to A

1H
iso.

Strikingly, however, when the strong SOC is introduced in
the calculations, via the SO-ZORA approach, the predicted A

1H
iso

for U(C7H7)2
� changes sign and agrees in sign and order of

magnitude with the one predicted for cobaltocene, and with the
measured one. The 1.7 to 1.2 MHz deviations between the SO-
ZORA DFT data and the experimental value may appear large
at rst, but we must emphasize that the SOC improves the
calculated A

1H
iso by more than 6 MHz toward the experiment and

restores the correct sign. This nding strongly suggests that the
observed negative sign for the proton HyFCC in U(C7H7)2

� is
governed by strong SOC and the orbital angular momentum
that it creates. Consequently, the HyFCC is dominated by the
PSO (paramagnetic interaction of the nuclear spin with the
electron orbital angular momentum) mechanism, which
happens to be opposite to the sign of the spin density at the
protons. Note that PSO-type mechanisms were also found to be
dominant for pNMR ligand shis in several actinide systems.45

As hypothesized in the introduction, the metal–ligand covalent
bonding in the ground states of U(C7H7)2

� and cobaltocene is
very different, as far as the spin density is concerned, while the
same sign and order of magnitude for A

1H
iso is caused by SOC in

U(C7H7)2
�.

4 Conclusions

The aim of this study was to investigate whether there is
a similarity in the metal–ligand (M–L) bonding occuring in
actinide and TM complexes. Metallocenes were chosen for this
investigation, because a similarity of bonding between the 5f1

U(C7H7)2
� and 3d7 cobaltocene sandwich complexes had been

postulated previously, based on experimental magnetic reso-
nance data and a theoretical analysis.27 The calculated spin
density distributions within the two systems are very different,
however, with or without a SOC treatment, and consistent
between DFT and CAS wavefunction calculations. The differ-
ences were tracked-down to different 5f vs. 3d covalent bonding
scenarios. On the other hand, the 5f1 U(C7H7)2

� has similar
M–L bonding characteristics as the 3d3 vanadocene.

Unlike the electronic GSs of the metallocenes, which are
well-dened single congurational and hardly inuenced by
SOC, the GS of U(C7H7)2

� is multicongurational with impor-
tant weights on the 5f4dþ5f

1
m5f

0
d� and 5f4�n

dþ 5f1m5f
n
d� congura-

tions (m ¼ s, p; n¼ 1, 2). The 5fp and 5fd occupations in the GS
are due to strong SOC and ligand-to-metal donation bonding,
respectively, and they rene the magnitudes of the gk and gt
components of the axial g tensor. DFT, with an appropriate
Chem. Sci., 2018, 9, 6292–6306 | 6303
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treatment of relativistic effects, can provide accurately the gk
component, but amulticongurational spin–orbit coupled wave
function approach is needed to recover an accurate gt
component as well. The TM metallocene g values are predicted
accurately with both DFT and ab initio wavefunction
approaches.

In cobaltocene and nickelocene, the metal center is involved
in strong covalent bonding with lled arene pp MOs, resulting
in selective b-spin density ligand-to-metal donation into the
partly lled 3dpmetal orbitals. This process leaves excess a spin
density at the arene C atoms. A McConnell spin polarization
mechanism then causes negative spin density at the arene H
atoms. Therefore, negative 1H isotropic HyFCC is predicted, in
agreement with measurements.36,41

This spin density distribution mechanism is not present in
the 5f1 U(C7H7)2

�, mainly because the bonding here involves
ligand pd MOs and empty 5fd orbitals. A selective a-spin density
ligand-to-metal donation then leaves negative spin density at
the arene C atoms, and a McConnell spin-polarization mecha-
nisms creates positive spin density at the arene H atoms. This
mechanism is very similar to how ligand spin density in vana-
docene would arise by considering selective a-spin donation
from lled ligand pp orbitals into the empty V 3dp orbitals.

The electron spin contribution to the U(C7H7)2
� 1H isotropic

HyFCC is opposite to that in cobaltocene, in agreement with the
signs of the ligand atomic spin populations, and therefore
conrms the established spin density distributions and
underlying mechanisms. However, calculations that properly
treat the strong SOC predict 1H isotropic HyFCCs that are
consistent in sign and order of magnitude with those of
cobaltocene, and that agree with the measured data.27 SOC does
not qualitatively affect the ligand spin density in U(C7H7)2

�.
Instead, a large ‘PSO’ hyperne coupling contribution arises
from the orbital angular momentum created by the SOC.

The similar 1H isotropic HyFCC in the 5f1 U(C7H7)2
� and the

3d7 cobaltocene is due to the strong SOC in the former, rather
than similar metal–ligand bonding. Instead, the 5f1 U(C7H7)2

�

and the 3d3 vanadocene share similar bonding characteristics,
in the sense that the highest occupied ligand p orbital has the
same nodal structure as a pair of empty metal valence orbitals,
Fig. 10 Simplified scheme concluding the underlying mechanism for
the spin density (r) (spin magnetization (m)) distribution in U(C7H7)2

�

which drives the signs of the arene 13C and 1H isotropic HyFCCs.

6304 | Chem. Sci., 2018, 9, 6292–6306
causing donation bonding into these metal orbitals, donation
which, due to unpaired spins in other non-bonding metal
orbitals, is rendered selective for the a spin. A concluding
scheme for U(C7H7)2

� is shown in Fig. 10.
Through the use of relativistic quantum chemical methods

and bonding analysis tools, the present study offers insight into
the similarities and differences of ligand to metal donation
bonding, and the resulting spin density distributions in the
ligands, for transition metals vs. actinides. For the systems
studied herein, the analysis shows that experimental HyFCCs
(and, by extension, paramagnetic NMR shis) can be very
powerful indicators of the donation bonding, but SOC can very
much complicate the picture.
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J. G. Snijders, M. Solà, M. Swart, D. Swerhone, G. te Velde,
P. Vernooijs, L. Versluis, L. Visscher, O. Visser, F. Wang,
T. A. Wesolowski, E. M. van Wezenbeek, G. Wiesenekker,
S. K. Wolff, T. K. Woo and A. L. Yakovlev, Amsterdam
Density Functional, Version 2014, SCM, Theoretical
Chemistry, Vrije Universiteit, Amsterdam, The
Netherlands, 2014, http://www.scm.com, accessed 08/17.

54 E. van Lenthe, E. J. Baerends and J. G. Snijders, J. Chem.
Phys., 1993, 99, 4597–4610.

55 A. D. Becke, Phys. Rev. A, 1988, 38, 3098–3100.
56 J. P. Perdew, Phys. Rev. B, 1986, 33, 8822–8824.
57 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,

1996, 77, 3865–3868.
58 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,

1997, 78, 1396.
59 A. D. Becke, J. Chem. Phys., 1993, 98, 5648–5652.
60 C. Lee, W. Yang and R. G. Parr, Phys. Rev. B, 1988, 37, 785–

789.
61 S. H. Vosko, L. Wilk and M. Nusair, Can. J. Phys., 1980, 58,

1200–1211.
62 M. Ernzerhof and G. E. Scuseria, J. Chem. Phys., 1999, 110,

5029–5036.
63 C. Adamo and V. Barone, J. Chem. Phys., 1999, 110, 6158–

6170.
64 E. van Lenthe and E. J. Baerends, J. Comput. Chem., 2003,

24, 1142–1156.
Chem. Sci., 2018, 9, 6292–6306 | 6305

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7sc05373h


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ju

ne
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

2/
28

/2
02

4 
1:

07
:5

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
65 E. D. Glendening, C. R. Landis and F. Weinhold, J. Comput.
Chem., 2013, 34, 1429–1437.

66 G. Schreckenbach and T. Ziegler, J. Phys. Chem. A, 1997, 101,
3388–3399.

67 J. Autschbach and B. Pritchard, Theor. Chem. Acc., 2011,
129, 453–466.

68 J. Autschbach and T. Ziegler, J. Chem. Phys., 2000, 113, 936–
947.

69 J. Autschbach and T. Ziegler, J. Chem. Phys., 2000, 113,
9410–9418.

70 J. Autschbach, J. Chem. Phys., 2008, 129, 094105.
71 E. van Lenthe, P. E. S. Wormer and A. van der Avoird, J.

Chem. Phys., 1997, 107, 2488–2498.
72 E. van Lenthe, A. van der Avoird and P. E. S. Wormer, J.

Chem. Phys., 1998, 108, 4783–4796.
73 S. Moncho and J. Autschbach, J. Chem. Theory Comput.,

2010, 6, 223–234.
74 F. Aquilante, J. Autschbach, R. K. Carlson, L. F. Chibotaru,

M. G. Delcey, L. D. Vico, I. F. Galván, N. Ferré, L. M. Frutos,
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