Open Access Article. Published on 18 February 2014. Downloaded on 4/17/2026 1:40:56 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

.

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue

Cite this: RSC Adv., 2014, 4, 12078

Received 27th November 2013
Accepted 17th February 2014

DOI: 10.1039/c3ra47088a

f-Orbital covalency in the actinocenes
(An = Th—Cm): multiconfigurational studies and
topological analysist

Andrew Kerridge™®

The CASSCF methodology is used to calculate the ground state electron densities of a series of seven
actinocenes, AnCOT, (An = Th-Cm, COT = ‘nB‘CgHg). The multiconfigurational character of these
complexes is found to be substantial and topological analysis of the electron density via the QTAIM
approach is therefore chosen in order to investigate the electronic structure in more detail. Topological
analysis reveals increased values of the electron density at the An—C bond critical point for An = Pa—Pu,
suggesting enhanced covalent character in metal-ligand bonding for these complexes. In order to
investigate the origins of this covalency, integrated one- and two-electron properties are evaluated. A
trend for increased electronic charge, spin density and electron localisation on the An centre as one
traverses the actinide series is found. The difference between atomic number and the electron
localisation index is considered and found to correlate well with the expected oxidation state in these
complexes, with a tendency towards trivalent character for the later actinides. Total and orbitally
resolved delocalisation indices are evaluated, and increased electron delocalisation is found for the
complexes containing Pa—Pu centres. It is shown that, while 5f contributions to covalency in these
complexes are smaller in magnitude than 6d contributions, the variation in covalency is almost entirely
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Introduction

The quantification of covalency in f-element complexes is of
both fundamental scientific interest and critical industrial
importance. In the nuclear power industry, the remediation of
spent nuclear fuel is based on the chemical separation of minor
actinides from lanthanides."” That this separation is possible is
believed to be due to the more radially extended nature of the 5f
shell of the former, resulting in enhanced covalent interactions
with soft donor ligands® when compared to those of the latter,
which are characterised by a contracted, core-like, 4f shell.
Advantage can be taken of the stability afforded by this
enhanced covalent interaction in order to design ligands which
are strongly selective for actinides over lanthanides,"* from
which separation processes follow. The presence of strong
electron correlation, however, makes metal-ligand covalency
difficult to quantify in complexes containing open shell ions.>®
Whilst the identification of near-degeneracy between actinide 5f
and carbon 2p orbitals in a variety of complexes”® has shown
promise in developing our understanding of the role of the 5f
orbitals in bonding, static correlation, manifesting itself in the
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accounted for by the variation in the 5f contribution.

form of multiconfigurational character in the electronic wave-
function, results in the failure of these traditional views of
covalency due to the breakdown of the independent particle
approximation. In order to allow the question of covalency in
such multiconfigurational systems to be considered, one can
instead turn to the physically observable total electron density.
When this is taken as the fundamental property to be analysed,
advantage can be taken of topological analysis through the
application of the quantum theory of atoms in molecules®
(QTAIM), which allows for the decomposition of a molecule into
a space-filling and contiguous set of open quantum systems, or
‘atomic basins’. This topological analysis can be used to infer
details of the nature of bonding interactions within the system
of interest and can be extended to also consider integrated one-
and two-electron properties.

Computational chemical approaches are established as
important tools in developing our understanding of funda-
mental actinide chemistry'® and in this work, the covalent
contribution to bonding in the prototypical actinide organo-
metallic sandwich complexes, AnCOT, (COT = n®-CgHjg), is
investigated. Since the first synthesis of uranocene (UCOT,) was
reported by Streitwieser and Miiller-Westerhoff in 1968,'" a
significant amount of effort has been expended by the actinide
chemistry community in order to elucidate the chemical prop-
erties of the actinocenes. In addition to uranocene, a number of
other AnCOT, (An = Th, Pa, Np, Pu, Am) complexes have been
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Fig.1 QTAIM calculated molecular graph of the Dg,, symmetry thor-
ocene complex, ThCOT,. Bond critical points (BCPs) are shown in red,
ring critical points (RCPs) in yellow.

synthesised,"** the latter as the trivalent potassium salt. Whilst
there is a significant body of experimental literature relating to
the actinocenes, the high (Dg,) symmetry of these complexes
(see Fig. 1) has made them particularly amenable to theoretical
studies, which have demonstrated the need for a multi-
configurational description of the wavefunction.'*>* Here,
electron densities derived from complete-active-space self-
consistent-field (CASSCF) calculations are used as the basis for
topological investigations using QTAIM. A trend in covalency is
established across the series, indicating maximum covalent
character in the U, Np and Pu complexes. Novel analysis based
on the orbital decomposition of integrated electronic properties
is employed in order to show that although actinide 5f orbital
contributions to covalent character are not the dominant
contributions in these complexes, the variation in covalency
found across the series is commensurate with the variation in
An 5f contributions.

Computational details

Complete-active-space self-consistent-field (CASSCF)** calcula-
tions were performed using version 7.6 of the MOLCAS
quantum-chemical software package.>**® Throughout, ANO-
RCC basis sets of polarised triple-zeta quality were used.>*>*
Molecular geometries were obtained by optimising the
distance between the An ion and the ring centroid of the COT
dianion with respect to complete active space second order
perturbation theory (CASPT2)* calculated energies. In all
calculations, the geometric structure of the COT ligand was
held at the geometry used in previous studies.'®**** CASPT2
calculations employed an imaginary level shifting technique in
order to minimise the effect of intruder states. The value of
this level shift was 0.2. Topological analysis employing QTAIM
was performed using the AIMAI*® and Multiwfn®' codes.
Whilst there are numerous examples in the literature of other
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analytical approaches, such as Mulliken, NBO or energy
decomposition analysis, being used in attempts to deepen our
understanding of bonding in f-element complexes, such
approaches have not been employed in this study. Mulliken
analysis is well known as providing only a qualitative
description of atomic populations in actinide complexes,*
whereas NBO and energy decomposition approaches can give
somewhat contradictory results when applied to the question
of covalency.*® While QTAIM is, like any approach, open to a
degree of interpretation, previous work has shown it to be a
robust tool in the analysis of f-block compounds, exhibiting
trends commensurate with chemical intuition.*?> QTAIM also
has the advantage of being easily applicable to multi-
configurational systems, and it has therefore been chosen as
the method of analysis employed in this study.

Although all complexes considered here possess Dg,, point
group symmetry, restrictions of the MOLCAS code require that
calculations were performed using its highest abelian
subgroup, D,;. Bearing this in mind, irreducible representa-
tions (irreps) of D,;, will be used in the discussion.

Throughout the bonding analysis performed in this study, the
effects of dynamical correlation and spin-orbit coupling (SOC)
are neglected. Whilst the former could be included via multi-
configurational second-order perturbation theory (e.g. via the
CASPT?2 approach employed in the geometry optimisations) and
the latter via the restricted-active space state interaction (RASSI)
approach, it was not possible to generate total electron densities
in a manner amenable to QTAIM analysis. Inclusion of dynam-
ical correlation effects would not be expected to significantly
affect the results presented here since the important electron
interactions associated with the bonding between ion and ligand
are incorporated within the chosen active spaces: all electrons
included in the active spaces are explicitly correlated. Whilst the
effects of SOC can be significant in actinide complexes, they are
again expected to have little effect on bonding character. It has
previously been shown?* that although the effects of SOC on the
energetics of UCOT, and PuCOT, are pronounced, they have
virtually no effect on the calculated geometries of these
complexes, implying little effect on the character of the bonding
interaction. This is unsurprising since, within the RASSI
formalism, SOC states are constructed from a basis of CASSCF-
states calculated in the absence of SOC, and the CASSCF basis
states only differ in the occupation of non-bonding 5f-orbitals.

Active spaces

In all AnCOT, calculations, a 16 orbital active space was con-
structed, as used previously.”” This active space incorporates the
highest occupied m-orbitals of ay, by, 3, and by, symmetry (in
keeping with previous work'®**??) along with the seven
f-orbitals of a, (fs), biu (fs, f5), bau (fr, f,) and bz, (fr, fy)
symmetry and the five d-orbitals of ag (dg, ds), b1y (ds), bag (dr)
and b, (d) symmetry. Adopting the CASSCF(n, m) notation to
indicate a calculation incorporating an active space explicitly
correlating n electrons in m orbitals, this selection results
in CASSCF(n, 16) calculations, with n ranging from 8 (Th) to
14 (Cm).
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Results
Geometry optimisations

For each complex, the electronic ground state was identified by
evaluating the CASPT2-calculated energy of the lowest lying
state of each of the eight irreducible representations of the D,},
point group. Ground state total energies were then calculated at
a series of ring centroid-metal separations between 1.700 and
2.300 A. In total, approximately 20 data points were obtained for
each complex. These data were fitted with a sixth-order poly-
nomial in order to obtain equilibrium ring-metal separations.
The results of these calculations are given in Fig. 2, along with
the ground electronic states of each complex. Of the seven
complexes considered here only three, ThCOT,, UCOT, and
NpCOT, have been structurally characterised,**** with experi-
mentally determined ring-metal separations (rgy) of 2.004,
1.926 and 1.909 A, respectively. The present calculations give
optimised gy of 2.002, 1.907 and 1.890 A, in good agreement
with the experimental data. Table 1 compares rgy with ionic
radii (IR) taken from the literature.*® There is, in general, good
agreement between the two, particularly in relation to the
significant reduction in both rgy and IR when moving from Th
to Pa. As one looks further across the series however, an inter-
esting trend appears: the ratio rgy/IR gradually increases, which
may be indicative of increased charge concentration on the An
ion and/or a reduction in covalent interaction between ligand
and ion. The small increase in rgy of 0.021 A when comparing
CmCOT, to AmCOT, may therefore be a manifestation of the

r(A)
2.05
2.00
1.95
1.90
1.85
1.80

‘By,

An
Th Pa U Np Pu Am Cm

Fig. 2 CASPT2-calculated AnCOT, ring-metal separations. The
electronic state for which the geometry was optimised is indicated
above and below the corresponding data point.

Table 1 Comparison of CASPT2-calculated ring-metal separations,
ram. @nd ionic radii of tetravalent actinide ions,3® IR

Complex T'em (A) IR (A) rrm/IR
ThCOT, 2.002 0.94 2.130
PaCOT, 1.933 0.90 2.148
UCOT, 1.907 0.89 2.143
NpCOT, 1.890 0.87 2.172
PuCOT, 1.870 0.86 2.174
AmCOT, 1.861 0.85 2.189
CmCOT, 1.882 0.85 2.214
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same effect, and will be investigated in more detail in the
following sections.

Natural orbital analysis

In order to better understand the electronic structure of the
metallocenes, the natural spin-orbitals (NOs) and corresponding
occupations (NOOs) were evaluated for each complex. The
natural orbitals, introduced by Lowdin,*” are obtained via the
diagonalisation of the first order reduced density matrix (RDM),
and therefore provide an unambiguous orbital decomposition of
the electron density. The NOs also have the property that they are
maximum-occupancy orbitals and are thus a basis for the most
compact CI description of the wavefunction. It follows that, for an
electronic state constructed from a monodeterminantal wave-
function, every NOO will take a value of 0, 1 or 2. For a multi-
configurational electronic state, the deviation of the NOOs from
integer values can be taken as a measure of multiconfigurational
character.’® Occupation numbers close to integer values corre-
spond to ‘strongly’ occupied orbitals, whereas occupation
numbers close to zero correspond to ‘weakly’ occupied orbitals.

The Dg;, point group symmetry and n® hapticity of AnCOT,,
combined with the fact that the highest lying m-orbitals of the
(COT*7), ligand system span the e,, and e,, irreps,} allows for
the possible participation of the An 6d; (e, symmetry) and 5f;
(e, symmetry) orbitals in delta-type metal-ligand
bonding,****** respectively. The natural orbital analysis there-
fore begins with consideration of these orbitals. Bearing in
mind that calculations are performed in D,, symmetry, Fig. 3
presents the natural orbitals occupations (NOOs) for the
strongly and weakly occupied orbitals of (a) a;, ® bz and (b) a,
® b,, symmetry. Fig. 3a shows that the NOOs corresponding to
the gerade orbitals show little variation when moving across the
actinide series and are very closer to integer values. The strongly
occupied orbitals have NOOs ranging from 3.904 (ThCOT),) to
3.964 (CmCOT,) whilst the weakly occupied orbitals have NOOS
ranging from 0.024 (ThCOT,) to 0.040 (PuCOT,). These NOOs
indicate a degree of multiconfigurational character and justify
the inclusion of these orbitals in the active spaces employed
here. Visualisation of the orbitals reveals a degree of metal-
ligand hybridisation, with the strongly (weakly) occupied
orbitals exhibiting bonding (antibonding) character: the ques-
tion of whether this corresponds to An 6d covalency will be
considered in later sections. Fig. 3b presents the corresponding
data for the ungerade orbitals. Here, a more pronounced trend is
apparent. There is a reduction in the occupation of the strongly
occupied orbitals when moving across the series from Th
(3.896) to Am (3.652), along with a concomitant increase in
occupation of the weakly occupied orbitals, 0.016 for ThCOT,,
0.340 for AmCOT,. This trend has been reported previously for a
subset of the complexes considered here** and indicates a
degree of multiconfigurational character in PuCOT, and
AmCOT, comparable to that previously reported in several
related Ce complexes.”****

I In the subduction from Dgy to (the working symmetry) Dy, €xg/20 = g ®

blg/lu-
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Fig. 3 Natural orbital occupations of the strongly (S) and weakly (W)
occupied orbitals of (a) ag/big symmetry and (b) au/by, symmetry.
Occupations are summed since in the full (Dgn) symmetry of the
complexes considered here ag, @ big/1u SPaNs €,4/2,. See Table S1T
for numerical data.

Fig. 3b shows almost equal spin-up () and spin-down (B)
occupation of the strongly occupied a,/b;, natural orbitals,
mirroring the a /b, orbital occupations presented in Fig. 3a.
The weakly occupied a,/b,, orbitals, however, exhibit a strong
preference for occupation of the a-orbital, increasing the spin
density associated with the 5" occupation of the An ions.

Whilst the trend from Th-Am is quite clear, there is a
marked deviation between the Am and Cm complexes. The
trend towards lower occupations of the strongly occupied a, /b,
orbitals is reversed in the latter, with an occupation of 3.832
being comparable to that of the early actinide complexes. There
is also a substantial increase in occupation of the weakly
occupied a,/b,, orbitals (1.149 compared to 0.340 in AmCOT},).
This is, however, to be expected. Whilst the An 5f; orbitals form
(anti-)bonding linear combinations with the ligand 7,, HOMO,
the 5f;, 5f and 5f, orbitals are essentially non-bonding. These
non-bonding orbitals become fully occupied in the 5f° Am
complex and so the 5f° configuration of CmCOT, must, by
necessity, involve occupation of the energetically unfavourable
antibonding 7t,,~5f; orbital: this corresponds to the NOO of the
‘weakly’ occupied orbital of Fig. 3b. The occupation of this
antibonding orbital is commensurate with the increased ring-
metal separation of CmCOT, over AmCOT,. Furthermore, the
occupation number of 3.832 found in CmCOT, has the same
origin. Since only one antibonding orbital is now available for
(weak) occupation, so only one strongly occupied orbital has a
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Table 2 Natural orbital occupations of the non-bonding 5f orbitals of
all complexes considered in this study. 5fyg gives the total occupation
of non-bonding 5f orbitals

Complex Configuration 5f, 5f. 5f, 5fxe
ThCOT, 5£° — — — 0
PaCOT, 5f; — — 0.980 0.980
UCOT, 56558 — 0.995 0.993 1.988
NpCOT, 525 — 1.956 0.982 2.938
PuCOT, 5f25f;, — 1.946 1.924 3.870
AmMCOT, 5f55£25f5 0.983 1.972 1.962 4.917
CmCOT, 5558253565 0.984 1.969 1.969 4.922

commensurate reduced occupation number. Since the value of
3.832 is in fact the sum of occupations of two orbitals it is, as
expected, higher than that of the other later actinides consid-
ered here.

Finally, the An non-bonding 5f NOOs are given in Table 2.
From these, the leading 5f" configurations can be derived,
indicating a preference for occupation of the (presumably near-
degenerate) 5f and 5f;, orbitals over occupation of 5f;. The
degree to which these orbitals can be considered as non-
bonding and localised on the An centre will be discussed later in
this study. As would be expected, the total non-bonding 5f
orbital occupation increases by approximately integer amounts
as the actinide series is crossed.

Topological analysis

As previously discussed, the strong static correlation present in
the complexes under consideration (as evidenced by the
increasing NOOs of the weakly occupied orbitals of au/biy
symmetry highlighted in Fig. 3b) makes covalency measures
based on orbital mixing due to energetic near-degeneracy at
best ambiguous. As an alternative, the total electron density can
be investigated by employing the Quantum Theory of Atoms in
Molecules (QTAIM). The topological analysis afforded by this
approach allows for a molecule to be divided into a contiguous
set of space-filling atomic basins, the surfaces of which satisfy
the condition Vp(r)-n(r) = 0. Evaluation of Vp(r) = 0 reveals the
set of critical points associated with the molecule. Each atomic
basin (typically) contains a single nuclear critical point (NCP) at
the position of the nuclear centre. A bond critical point (BCP) is
found when the uniquely defined line of maximum density
between two atoms has its minimum at the interatomic surface
joining the two atomic basins: in this situation, the atoms are
considered to be bonded to one another.*® The nature of this
bonding can be characterised by the values of the density and
its Laplacian at the BCP: as a general rule, pgcp > 0.20 a.u.
and V?pgep < 0 for a covalent bond, whilst pgcp < 0.10 a.u. and
V2ppcp > 0 indicates an ionic bond. More broadly, increasing
values of pgcp indicate increasing covalent character of the
bonding interaction.

Fig. 4 shows the value of pgcp and its Laplacian at the metal-
carbon critical point for each complex considered here. Values
of ppcp are ~0.04 a.u., with the Laplacian being small and
positive in all cases. This is indicative of a predominantly ionic
interaction, as would be expected. However, whilst the

RSC Adv., 2014, 4, 12078-12086 | 12081
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Fig. 4 Values of (a) the electron density (p) and (b) its Laplacian (VZp)
evaluated at the metal-carbon bond critical point in AnCOT,
(An = Th—Cm). See Table S2} for numerical data.

Laplacian slowly increases across the series from Th-Am (with a
small reduction upon moving to Cm), the density itself exhibits
a pronounced maximum between Pa and Pu, with a maximum
value of pgcp = 0.476 a.u. found in UCOT,. This suggests that
the early actinides, with the exception of Th, exhibit a more
covalent interaction with the COT ligand than those occurring
later in the series. The low value associated with the formally 5°
thorium complex may indicate the involvement of the 5f;
orbitals in the covalent interaction of the other complexes.
Moreover, the maximum value found in UCOT, is consistent
with the results obtained from density functional theoretical
studies of AnCps.*’

Integrated one- and two-electron properties

Whilst the topological analysis discussed in the previous
section suggests enhanced covalency amongst the Pa, U, Np and
Pu actinocenes, more detailed information is required in order
to identify its origin. The atomic basins identified previously
can again be employed. Integrating the electron density over an
atomic basin Q, gives the atomic population N(A) from which
the atomic charge g(A) can be derived. If instead one considers
the exchange-correlation component of the electron pair
density, two further properties can be defined: the localisation
index, A(A), obtained by integration of both components of the
pair density over the same atomic basin @Q,, and the delocali-
sation index, (A, B), obtained by integrating one component
over 2, and one over Qp. A(A) corresponds to the average
number of electrons localised upon a given atom, while (A, B)
quantifies the average number of electrons shared between two
atoms and can be considered as an unambiguous and quanti-
tative measure of covalency. Formally, the evaluation of two-
electron properties requires explicit knowledge of the 2nd order
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Th Pa U Np Pu Am CmAn

Fig. 5 QTAIM calculated atomic populations (a) and atomic charges
(b) of the An centres in AnCOT, (An = Th—Cm). The yellow regions in
(a) show the increase of electron density in @5, when compared to the
previous element. See Table S31 for numerical data.

RDM. Construction of this matrix, however, is computationally
demanding, and so approximate methods have been developed
based on the 1st order RDM. In this work, the approximate form
of the 2nd order RDM proposed by Miiller*® is employed.

Fig. 5 shows the atomic populations N(An) and atomic
charges g(An) of the metal centre of each complex considered in
this study. The element-by-element increase in N(An) is high-
lighted in yellow. For the elements Pa-Am, this increase is
slightly greater than unity, and manifests itself in a steadily
decreasing atomic charge, as shown in Fig. 3b. The difference in
actinide charge between ThCOT, to AmCOT, is 0.704 a.u.,
evident of strong trivalent character in the latter. This is not
unexpected for the later actinides, the chemistry of which bears
strong similarities to that of the lanthanides.

The increase in atomic population when moving from Am to
Cm deviates from the trend discussed above. Here, the increase is
marginally less than unity, resulting in a Cm charge slightly
higher than that of Am. As previously discussed, CmCOT, is the
only complex considered here which exhibits occupation of
anything other than a nonbonding 5f orbital, namely an anti-
bonding m,,-5f; orbital. The fact that this orbital has a degree of
ligand character explains this deviation from the Th-Am trend.

In order to investigate the increased trivalent character
suggested by analysis of the atomic charges, the localisation
indices A(An) were evaluated, and are presented in Fig. 6a. Again
the element-by-element increase is highlighted in yellow. In
each case (except that of Th & Pa), A(An) increases by an amount
greater than unity, this being most pronounced between Np &
Pu and Pu & Am. This has a cumulative effect as one traverses
the actinide series, as can be seen in Fig. 6b. Here, the differ-
ence between the atomic number, Z, and A(An) is given for
An = Th-Cm. A(An) is a measure of the number of electrons

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 QTAIM calculated localisation indices (a) and differences
between atomic number and A(An) (b) of the An centres in AnCOT,
(An = Th—Cm). The yellow regions in (a) show the increase of electron
localisation in @5, when compared to the previous element. See Table
S47 for numerical data.

localised on An, and so Z(An)-A(An), which therefore gives the
number of electrons donated and/or shared by the An atom,
might be expected to give a measure of formal oxidation state.
Z(An)-A(An) ~ +4 for An = Th-Np, mirroring the expected value.
For later actinides, however, electron localisation increases: in
CmCOT,, Z(Cm)-A(Cm) = 3.270, implying a trivalent oxidation
state. The same assignment can be made for AmCOT,, with
PuCOT, appearing to be best described as mixed valent
according to this criterion. This latter conclusion is in accord
with previous findings.*

Assuming the Miiller approximation to the 2" order RDM,
A(An) and 6(An, C) can be decomposed into orbital contributions:*’

NO
MAR) = Y i/ [S;(An)],

0(An,C) = ioz V1iy/1;:S;(An)S;(C),

where 7; is the NOO of the natural orbital ¢;, S;(A) is the overlap
integral between NOs ¢; and ¢; evaluated over the atomic basin
Qa, and the summation runs over all NOs. Advantage can be
taken of these definitions in order to obtain orbital contribu-
tions to electron (de)localisation. In particular, 5f and 6d
contributions can be evaluated for the MCOT, complexes
considered in this study. This is possible due to the high
symmetry of these complexes. The central atomic basin Q,, will
have the same symmetry as the molecule and, since the 5f and
6d have ungerade and gerade parity, respectively, the overlap
integrals Ss¢sq(An) will be equal to zero. The decomposition of
the (de)localisation index into orbital contributions as used in
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Fig. 7 Schematic showing the various contributions to the orbitally
resolved localisation indices evaluated in this study.

this study is depicted schematically in Fig. 7. In addition to the
total (de)localisation indices, the contributions from the
m-electron subsystem (A™/67), the 5f; and 7t,, orbitals (1*%/6°%)
and the 6d; and T, orbitals (1°%/6°%) are also evaluated.

Firstly, the m-orbital, 5f; and 6d; contributions to the local-
isation index are considered. In the case of the 5f; (6ds) contri-
bution, the ligand 7, (7t,,) orbitals (which are able to mix with
the respective metal orbitals) are also included in the summa-
tion. Fig. 8a presents the orbitally resolved localisation indices.
There is a substantial increase in An localisation amongst the
m-electron subsystem as one moves from Th to Am, and this
localisation is almost entirely due to increased localisation
amongst the 5f5 and ,, orbitals, with contributions from 6d;
and 7, orbitals remaining approximately constant across the
series. The substantial increase in the case of CmCOT, is again
due to the occupation of the antibonding m,,-5f; orbital. Fig. 8b
reveals that the degree of electron localisation amongst the non-
bonding 5f orbitals is, as expected, almost total, with localisation
indices ranging from 92.0% (Pa) to 98.6% (Cm) of the total
nonbonding 5f populations (N(An) in Fig. 8b).

(a)

A(An) (a.u.)
2.0 O #(An)
15 @ 47(An)

@ 1%(An)
1.0

0.5
0.0

An

Th Pa U Np Pu Am Cm

(b)

N(An) (a.u.) A(An) (a.u.)
5 O N(An) 5
4 @ Z(An) 4
3 3
2 2
1 1
OTh Pa U Np Pu Am Cm0

Fig. 8 (a) Orbitally resolved localisation indices and (b) comparison of
nonbonding 5f occupation and localisation for AnCOT, (An = Th—-Cm).
See Table S57 for numerical data.
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Fig. 9 Total and orbitally resolved delocalisation indices for AnCOT,
(An = Th—Cm). See Table S6+ for numerical data.

In order to quantify An-C covalency in these complexes,
delocalisation indices 6(An, C) were evaluated in analogy with
the orbitally resolved localisation indices. These delocalisation
indices are presented in Fig. 9. The trend in total delocalisation
index from Th to Cm mirrors the trend in pgcp (¢f: Fig. 2a). As
previously discussed, an increase in pgcp corresponds to an
increase in covalent bonding character and so a commensurate
increase in electron delocalisation would be expected. That this
increase is found strongly supports the view that there is indeed
enhanced covalent character in the complexes of the early
actinides, Pa-Pu. Whilst the magnitude of delocalisation
indices is quite modest, 6(An, C) taking a maximum value of
0.220 a.u. in UCOT,, it should be borne in mind that this value
corresponds to the average number of electrons shared between
the An centre and a single carbon centre. Since there are sixteen
carbons atoms in AnCOT,, the total number of electrons shared
is significantly larger and is listed in Table 3.

The trend in delocalisation indices is mirrored by the
contribution from the m-electron subsystem, which accounts for
approximately 77% of the total value, on average. This implies a
not insignificant contribution from NOs with o-character,
although the orbital decomposition here means that contribu-
tions from terms involving the overlap integrals S;. are
neglected. Since the contribution from terms involving S,.. are
so substantial, it would seem reasonable to suggest that
contribution from terms S, are more significant than those
involving S.

Fig. 9 also shows that the 6ds/m,, contributions to the
delocalisation index are approximately constant across the
series, with a mean value of 0.054 and a standard deviation of
just 0.004. This consistency across the series suggests that,
while there is a non-negligible An 6d; contribution to covalency

Table 3 An-C delocalisation indices for ANCOT, (An = Th—Cm). The
total number of electrons delocalised between the An centre and all
sixteen carbon centres is also reported

> 6(An, G)

Complex 4(An, C)

ThCOT, 0.198 3.168
PaCOT, 0.218 3.488
UCOT, 0.220 3.520
NpCOT, 0.218 3.488
PuCOT, 0.212 3.392
AmCOT, 0.198 3.168
CmCOT, 0.174 2.784
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in these systems, its existence does not explain the variation
observed in the delocalisation indices. Looking instead at the
5fs/m,, contributions, a trend mirroring that of the total
delocalisation indices is found. In particular, there is a
pronounced reduction in f-electron delocalisation in CmCOT,.
This can again be rationalised in terms of the antibonding
T,u—5f5 orbital. Occupation of this orbital would, due to its
antibonding character, be expected to reduce the covalent
character of the Cm-C bond. This manifests itself in the
calculated reduction in the delocalisation index.

Overall, whilst the magnitude of the 5f; contribution is
found to be smaller than the 6dj contribution, the trend
observed in the former strongly follows that of the total deloc-
alisation indices and therefore provides strong evidence for the
variation in covalency across the An series found here as having
its origin in covalent 5f; contributions to the An-COT bond.

Summary and conclusions

In this study, the ring-metal separations of AnCOT, (An = Th-
Cm) complexes were optimised at the CASPT2 level of theory,
where good agreement was found with experimentally deter-
mined structural data. A trend of reducing separation was
found, but this reduction was not as great as might be expected
from consideration of the ionic radii of the An(wv) ions, sug-
gesting possible increasing trivalent character as one moves
across the series. Analysis of CASSCF-calculated natural orbitals
was performed, and strong multiconfigurational character was
found to be associated with the occupation of the 5f; and ,,
orbitals. These orbitals both exhibited a strong degree of
ligand-metal hybridisation and, coupled with the strong mul-
ticonfigurational character, suggested that orbital-based
measures of covalency would prove ambiguous. In order to
quantify covalency in an unambiguous manner, QTAIM analysis
was employed. Firstly, topological properties of the electron
density were considered and, in particular, the values of p and
its Laplacian at the An-C bond critical points (BCPs) were
assessed: here a significant trend in p was found. Initially
increasing, it reached a maximum for the elements Pa-Pu
before decreasing for the later actinides. An increase in p at the
BCP is considered an indicator of increased covalent interac-
tion, since this corresponds to an accumulation of electronic
charge density in the bonding region. This analysis therefore
provides evidence of enhanced covalency in the early actinides,
excluding thorium. Since thorium has an empty 5f shell in its
tetravalent oxidation state, it would suggest that the enhanced
covalency in Pa-Pu has its origin in An 5f contributions. In
order to investigate this further, integrated one- and two-elec-
tron properties were investigated, namely the atomic electron
population, N(An), and the (de)localisation indices A(An) and
0(An, C). The atomic population increased by an amount
slightly greater than unity for each step across the actinide
series, suggesting increased electron localisation on the An
centre. There was a small deviation from this trend when
considering the Cm complex, due to occupation of an anti-
bonding orbital exhibiting a degree of ligand character. Total
and orbitally resolved localisation indices were evaluated in

This journal is © The Royal Society of Chemistry 2014
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order to further asses the degree of electron localisation on the
An centre as one traverses the actinide series. Here the degree of
electron localisation derived from occupation of 6d; and 7,
orbitals was found to be approximately constant across the
series. The total electron localisation exhibited an increasing
trend as the actinide series was traversed, and this was found to
be mirrored in the variation of the contribution of the 5f;5 and
T,y orbitals to the localisation index. Occupied nonbonding 5f
orbitals were calculated to be almost entirely localised on the
actinide centre. Comparison of localisation index with atomic
number reveals a correlation with the expected oxidation state
of the complexes.

The trend in the total delocalisation index was found to be
strongly reminiscent of that found for the values of p at the M-C
BCPs, supporting the view that increased values of ppcp are
associated with increased covalency. Again, 6d; and T,
contributions were found to be approximately constant,
whereas the 5f5 and 7,, contributions mirrored the trend in the
total delocalisation index. This therefore provides strong
evidence that, while 5f contributions to covalency in these
complexes are smaller in magnitude than 6d contributions, the
variation in covalency is almost entirely accounted for by the
variation in the 5f contribution.

This study demonstrates that the combination of multi-
configurational quantum chemical simulations with topolog-
ical analysis of the resulting electron density provides a
powerful and unambiguous method for assessing and charac-
terising covalency in high symmetry actinide complexes. That
this study has been able to show that variation in covalency is
almost completely accounted for by considering An 5f contri-
butions has important implications for the design of novel
ligands suitable for the challenging technological problem of
An/Ln separation.
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