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Introduction

Covalency in AnCl, (An = Th—No)¥
Sophie Cooper@fp and Nikolas Kaltsoyannis@*

A potential connection has previously been proposed between the emergence of unexpected covalent
behaviour in various transcurium complexes and the increasing stability of the +2 oxidation state in the later
members of the actinide series. We recently used computational methods to study AnCls, finding evidence
for energy degeneracy driven covalency in the later actinides, and here present a comparative study of
ANCl,. The An—Cl bond lengths of the latter divide into two data sets; Th—Np, Cm, Bk and Pu, Am, Cf-No.
On average the An-Cl bond length decreases for both sets but, with significant increases between Np and
Pu, and between Bk and Cf, unlike the former group (Pu, Am, Cf-No)Cl, have significantly larger lengths
than the corresponding trichlorides. Using a range of Natural Bond Orbital (NBO), Natural Resonance
Theory (NRT) and Quantum Theory of Atoms In Molecules (QTAIM) metrics, the covalency of the dichloride
bonds is analysed. We find that the first group of dichlorides are similar to their trichloride counterparts and
possess significantly more covalent bonds than (Pu, Am, Cf—-No)Cl,. We believe this change in covalent
behaviour across the series for the dichlorides is due to a decreased involvement of the 6d orbital in the
later elements (as a result of the f—d excitation energy exceeding the d-stabilisation energy of the actinide
ions in question). Moreover, we find that unlike the trichlorides, where the QTAIM delocalisation index indi-
cates that covalency plateaus/moderately increases, An—Cl covalency decreases across the second half of
the series for AnCl,. We attribute this difference in behaviour to a lack of significant energy degeneracy
driven covalency for the dichlorides, with the energy difference between the dichlorides’ p 5f and 3p
Natural Atomic Orbitals being larger than for the trichlorides. Hence we find it is not the presence of a
stable +2 oxidation state, but instead the extent of energy matching between the actinide 5f orbitals and the
ligand 3p, that drives covalency in the transcurium chlorides.

orbitals, without there being significant spatial overlap. We
previously highlighted this idea, referred to as energy degener-

Covalency in the actinide series remains a subject of intense
ongoing interest. It has been invoked, for example, as a factor
in actinide/lanthanide separation processes such as TALSPEAK
(trivalent actinide lanthanide separations by phosphorus-
reagent extraction from aqueous complexes), which uses a
DTPA ligand to separate Am®" and Cm®" from nuclear waste.">
While the early members of the actinide series have relatively
diffuse f orbitals which can overlap spatially with the valence
orbitals of ligating atoms, as the series is crossed, the actinide
5f orbitals stabilise and contract, reducing spatial overlap with
the ligands. This stabilisation can bring the 5f orbitals into
closer energy proximity with ligand orbitals, which can result
in significant metal/ligand atomic orbital mixing in molecular

Department of Chemistry, School of Natural Sciences, The University of Manchester,
Oxford Road, Manchester, M13 9PL, UK.

E-mail: nikolas.kaltsoyannis@manchester.ac.uk

tElectronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2dt00315¢

{Current address: National Nuclear Laboratory Limited, 5th Floor, Chadwick
House, Birchwood Park, Warrington, WA3 6AE.

This journal is © The Royal Society of Chemistry 2022

acy-driven covalency, in density functional theory (DFT)
studies of AnCp, and AnCp; (An = Ac-Cm; Cp = n°>-CsH;).>"*
We employed the Quantum Theory of Atoms in Molecules
(QTAIM) for the first time in the 5f series, and analysed bond
critical point metrics, which indicated a decrease in covalency
from U to Cm, by contrast to orbital mixing and spin density
data, which suggested that Am forms the most covalent An-Cp
bond. Energy degeneracy driven-covalency has also been estab-
lished experimentally, for example in the combined use of
K-edge XANES spectroscopy and DFT by Su et al. on AnClg (An
= Th-Pu). These authors concluded that there is an increased
contribution of the spatially contracted, but lower energy, 5f
orbital in the metal ligand bond from Th to Pu, and a decrease
in the more diffuse, higher energy, 6d.” This combination of
DFT and spectroscopy has also been employed to study
covalency in actinide ligand bonds by several other groups.®™*
Furthermore, experiment has also validated the use of QTAIM
parameters to measure covalency; for example, changes in
chemical shifts in both *C and "N nuclear magnetic reso-
nance (NMR) spectra show good correlation with bond order
metrics, for a range of actinide ligand bonds."**?
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In addition to the separation of specific radionuclides from
nuclear waste, another important application of actinide
covalency is the decorporation of actinides from the human
body. In the event of radiological contamination, such as the
Fukushima Daiichi Nuclear Power Plant incident in 2011, it is
important to safely remove actinide fission products, as well as
137Cs, °°Sr and M1, from biological systems."* Currently, multi-
dentate hydroxypyridinonate (HOPO) ligands have been suc-
cessful in vitro and in vivo experiments and hence appear a
promising option for medical use."”>® This work has focused
on the removal of actinides in the first half of the series (U,
Np-Cm), as these elements are generally found in the highest
concentrations in nuclear reactors. Nevertheless, developing
treatments to safely remove actinides from the second half of
the series, such as californium and berkelium, is also impor-
tant. That said, and despite heroic efforts by a number of
researchers, our understanding of the latter half of the acti-
nide series is still somewhat lacking. As one moves across the
period, as well as the 5f orbitals contracting, the +3 oxidation
state becomes increasingly favourable, and thus many have
speculated that these later elements should act (chemically)
like the lanthanides. However, despite these similarities, the
transcurium elements differ from the lanthanides in one sig-
nificant way - the actinides’ 3°/2° reduction potential becomes
significantly higher than the lanthanides’ by Bk,*”*® ie. the
late actinides possess a more stable divalent state than both
the earlier actinides and their lanthanide counterparts. In fact,
by Cf, the E°(3/2) redox potential is —1.60 V, which is similar to
that of Sm (—1.55 V), for which the divalent state is stable
enough that it is widely used as a reducing agent in organic
chemistry (Sml,).>** Furthermore, with a few known divalent
californium compounds (e.g. solid state CfCl,, CfBr, and
Cf1,),>** and experimental reports of the presence of thin
layers on the surface of metallic californium that exist in a
metastable divalent state, there is no doubt the divalent state
is accessible for this element.?””**** The divalent state is also
achievable for the lanthanides and the earlier actinides,
though bulky ligands such as substituted Cp rings, N(SiMej),,
C(SiMej;); and N(Si'Pr;) are required to stabilise it.**"*>

The intense radioactivity of Cf limits its study. Indeed, up
until 2014 only five single crystal structures containing this
element had been determined: Cf(IO3);, CfCl; (in the ortho-
rhombic and hexagonal forms), Cf(Cp); and [Cf
(H20)o][CF3S05]5, all of which have isotypic lanthanide ana-
logues, thus supporting the view that the late actinides behave
like the lanthanides.***® However, in 2014 Polinski et al.
reported the first synthesis of californium borate (Cf
[BcOg(OH)s]), which reignited the question — what is the true
chemical behaviour of the second half of the actinide series?"’
This was because, not only was this structure different from
previously synthesised actinide borate complexes (and the iso-
electronic lanthanide, Dy), but the properties differed from
those of the free ion, with unexpected covalent behaviour
(reduced magnetic moment, broad f-f transitions due to vibro-
nic coupling and significant charge transfer indicated from
CASSCF as well as DFT-based ELF analysis and NBO charges).
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Thus, californium not only appears to act differently from the
lanthanides, and has covalent interactions with the ligands in
this complex, but also it differs from the behaviour of the
earlier actinides. One reason suggested for the ‘alterations in
californium’s physical and chemical properties’ by Cary et al.,
was the ‘relative ease with which formally Cf(m) can be
reduced to Cf(n).*® It was suggested that the covalent behav-
iour of the later member of the series differs from both the
lanthanides and the earlier members of series, with califor-
nium lying at this ‘break’/turning point between the two types
of covalent behaviour, and with the later elements appearing
to have increased participation of the 5f orbitals in their
bonding.

Since the 2014 study, several berkelium complexes have
also been synthesised: Bk[BsOg(OH)s], Bk(HDPA);, Bk(HOPO);
and Bk(DOPO);.""***° In these examples Bk appears to behave
similarly to the corresponding Cf complexes, not only leading
to the question at what position in the series does this proposed
‘break’ in covalent behaviour lie? but, as Kelley et al. have pre-
viously highlighted, if this change in behaviour is in fact
dependent on the accessibility of the +2 state, as Bk does not
possess a stable divalent state.>"

We have recently investigated covalency across the actinide
series by studying AnCl; (An = Th-No).>* We employed DFT,
Natural Bond Orbital (NBO), Natural Resonance Theory (NRT)
and QTAIM analysis, and showed that whilst there is a
decrease in covalency across the first half of the series, there is
levelling off with a moderate increase for the second half. This
supports the previous suggestion that the second half of the
series acts differently from the first half, with the behaviour
coinciding with the previously reported®”*® increased stability
of the +2 oxidation state. In the present paper, we apply the
techniques used to analyse the trichlorides to the corres-
ponding dichlorides, and examine the stability of the +2 oxi-
dation state across the series and the effect of the lower oxi-
dation state on An-Cl bond covalency, finding that the late
dichlorides do not possess a more covalent An—Cl bond than
their trichloride counterparts.

Computational and methodological
details

Density functional theory was employed throughout this study
using the Gaussian 16 software package, revision A.03,”* in
conjugation with the PBEO hybrid functional.>* For all geome-
try optimizations the actinide metals were treated with relati-
vistic effective core potentials (ECPs) developed by the
Stuttgart-Dresden group,” which restricts 60 electrons to the
core region, in conjunction with the associated segmented
contracted valence basis sets. Chlorine atoms were treated
with the cc-pVDZ basis set.”® The SCF = XQC keyword was
applied for all molecules, along with the superfine integration
grid and opt = verytight. Harmonic vibrational frequencies
were calculated to ensure the optimised geometries were true
energetic minima. Spin-orbit coupling has not been included.

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2dt00315e

Open Access Article. Published on 23 March 2022. Downloaded on 12/4/2025 5:56:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

Single point all-electron calculations were performed at the
small-core ECP optimised geometries using the DKH2
Hamiltonian and SARC basis sets designed by Schuchardt
et al,” with the addition of extra g polarization functions
designed by Pantazis and Neese.”® As with the ECP calcu-
lations, the chlorine atoms were treated with the cc-pvVDZ
basis set and the keyword SCF = XQC was included.

The enthalpies of the following reactions: AnCl; — AnCl, +
1 Cl, (An = Th-No) were calculated, by the addition of the ECP
calculated thermal corrections to enthalpy, to the single point
DKH2/SARC calculated energies.

Quantum Theory of Atoms-in-Molecules calculations were
performed using the AIMALL 17.11.14 software package,>
with the standard integration method and basin quadrature,
on .wfx files generated from the all-electron single point calcu-
lations. Natural Population Analysis, Natural Bond Orbital and
Natural Resonance Theory calculations were also performed
on the all-electron single point electronic structures, using the
NBO7 package.®® For NBO analysis the CHOOSE option was
used to define all the metal-chlorine bonds as double bonds,
as explained the main text.

As with the previous study of AnCl;, all dichloride struc-
tures were calculated with the highest spin multiplicity for the
expected electronic configuration of the system, i.e. the 7s and
6d orbitals are assumed to be unoccupied. For example, for
UCl,, a pure U" state should have the electronic configuration
5f16d°7s°, and thus a multiplicity of 5 was used. However,
when using a multiplicity of 7 and 6 (expected electronic con-
figurations of 5f%6d°7s® and 5f°6d°7s°) for CmCl, and BkCl,
respectively, there was high spin contamination, with the ECP
geometry optimised structure having a difference from the
expected (S*) of 0.886 and 0.370, and the single point all elec-
tronic structures having differences of 0.920 and 0.373, for Cm
and Bk respectively. Hence, the geometry optimisations were
repeated with a range of multiplicities, with the higher multi-
plicities of 9 and 8 not only producing lower energy but also
less spin contaminated structures for these two systems (as
shown in Table SI1T, which also collects the 5f electronic con-
figurations, electronic states and point groups). As discussed
in more detail in the results and discussion section, the higher
multiplicity calculations for CmCl, and BKCl, produced geo-
metries with shorter bond lengths that are similar to the
earlier actinides, and these structures also have decreased NPA
5f and increased 7s and 6d populations.

Results and discussion

Across the series the dichlorides are bent, possessing C,, sym-
metry. Our An-Cl bond length data for the dichloride struc-
tures are presented in Table SI2f and are compared with the
An-Cl bond lengths of the corresponding AnCl; geometries
(produced from our previous work®?) in Fig. 1. From Th to Np
the bond lengths for the dichlorides are very similar to the tri-
chlorides (although they decrease at a slightly larger rate).
However, at Pu there is a significant increase in bond length

This journal is © The Royal Society of Chemistry 2022
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and, with the exception of Cm and Bk, the dichlorides from
Pu-Md consistently have a significantly longer bond length
than the corresponding trichlorides. In NoCl; the bond length
is similar value to NoCl,, supporting our previous suggestion
that the bond lengthening in NoCl; vs. the immediately
preceding elements occurs due to the increased stability of the
+2 oxidation state. Overall, there is a partitioning of
the bond lengths into two sets; (Th-Np, Cm, Bk) and (Pu, Am,
Cf-No).

NPA data are given in Table SI3} and Fig. 2. For (Th-Np,
Cm, Bk), the 5f population in AnCl, is similar to that found in
a +3 oxidation state, with the excess 5f population (the differ-

2.58 1
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254 =—o—trichloride
2.52 «
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An-Cl Bond Length/ A
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244 4
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Fig.1 An-Cl bond lengths in AnCl,, and AnCls from our previous
work.>?

—

Fm Md No
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—e—dichloride
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Fig. 2 The (a) excess 5f population and (b) excess/total 6d and 7s
population from Natural Population Analysis for AnCl,, and AnClz from
our previous work.>2
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ence between the expected 5f population of the actinide +2 ion
and the NPA 5f population) being significantly negative. The
decreased population of the 5f is accompanied by higher 7s
and 6d population, as shown in Fig. 2b. By contrast, (Pu, Am,
Cf-No) have 5f populations close to the expected population of
the An(u) state. This separation of the NPA data into the two
groups of elements parallels the bond lengths.

To our knowledge there are no previously reported experi-
mental or theoretical bond lengths for the gas-phase dichlor-
ides, but the trends seen here are similar to other actinide
data. First, the peak at Pu coincides with a sharp increase in
atomic volume found in studies of metallic Pu and Am.*"°
The proposed reason for this is the transition from bonding/
itinerant to non-bonding/localized f electrons in the post nep-
tunium elements. In our study, the NPA charges (Fig. SI2 and
Table SI4f) also indicate an increase in ionic behaviour for
(Pu, Am, Cf-No), with the higher charges for these elements
suggesting a decrease in charge transfer from ligand to metal.
However, as CmCl, and BkCl, behave more similarly to the
earlier actinides we do not believe that the change in the
behaviour of the 5f electrons accounts (or at least not fully) for
the bond length trends in Fig. 1. Instead, as there is a close
relationship between the 6d population (Fig. 2b) and NPA
charge, we propose that the bond length trend is strongly
influenced by the 6d population of the actinide. This sugges-
tion is supported by the fact the earlier divalent actinides have
previously been observed to not only possess a significant 6d
population, but also to utilise 6d electrons in bonding, with
Mikheev and Rumer noting (through the use of co-crystalliza-
tion studies with a Gd,Cl; matrix) that (Th-Np, Cm, Bk) have d
electron occupation in their divalent state.®* Mihkeev and
Rumer suggested that the d orbital is populated in these
elements because they have a lower f-d excitation energy than
their d orbital stabilisation energy (in other words, the penalty
of promoting a 5f electron into the virtual 6d orbital is com-
pensated by a stabilising energy gain). However, as one moves
across the series, the 5f orbitals stabilise, and it becomes ener-
getically more costly to promote a 5f electron to the virtual d
orbital; thus, as the later divalent actinides’ f-d excitation
energy exceeds the d orbital stabilisation energy, the d orbitals
are no longer (significantly) involved in bonding.

The cause of the increased stability that an increased d
orbital population provides to a system is complex and still not
fully understood, and could be due to a number of reasons,
such as: crystal field splitting effects, possibility of dimeriza-
tion, more favourable f-orbital occupancy (e.g. allowing 5f half-
shell filling) or increased covalency in the actinide-ligand
bond.®® The latter may well account for the shorter-than-
expected An—-Cl bond in (Th-Np, Cm, Bk)Cl,. The increased 6d
population seen for CmCl, and BKkCl, is revisited below.

The enthalpy change for the following reaction was calcu-
lated for An = Th-No with a range of density functionals, and
the PBEO and PBE data are plotted in Fig. 3.

1
AnCl3 — AnClz + 5 Clz
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Fig. 3 The enthalpy of reaction of AnCl; — AnCl, + % Cl,.

The positive values indicate that the trichlorides are more
stable than the dichlorides across the entire series, although
the dichlorides generally stabilise as the actinide becomes
heavier. This trend is in general agreement with previous
work, which also suggests the +2 oxidation state becomes
more stable across the series.”’””® The general trend is inter-
rupted at two points at the PBEO level. Firstly, at U, which is a
small minimum in the first half of the series. Recalculation
with other functionals (Fig. 3 and SI3t), however, shows that
the small minimum at U is functional dependent, occurring
for PBEO and B3PW91, but not for B3LYP, BLYP or PBE.
Secondly, the gradual decrease to Am and the subsequent
increase at Cm, is also seen in other studies,””*® including
computational work by Vasiliu et al. (shown in Fig. S147).%
This can be explained by the stability of the half-filled 5f shell,
achieved by Cm®" and Am*". The increase/plateau from Cm to
Bk at the PBEO/PBE level is not so readily explained, however,
though a potential cause is discussed in the ESL.{

The preference for 5f7 occupation accounts for the
increased stability of the higher multiplicity of Cm (9), as this
results in a 5f population of 7.07 (instead of c. 8, which would
be expected with a multiplicity of 7 for Cm(u)) and increased
population of the 7s and 6d orbitals (Fig. 2b). This in turn
explains why Cm acts like the earlier actinides, whose pro-
perties seem to be driven by the increased population of the
6d orbital.

To explore the reason for the increasing stability of the +2
oxidation state across the series, we performed a QTAIM ana-
lysis. The An-Cl delocalisation index &(An,Cl) is shown in
Table SI41 and Fig. 4, and has a similar trend to the bond
lengths in Fig. 1, with (Pu, Am, Cf-No) displaying smaller
values than the other dichlorides, as well as their corres-
ponding trichloride structures. These dichlorides are the ones
with significantly longer bonds (Fig. 1). As §(An,Cl) is a
measure of bond order, the results support the suggestion that
the members of the series which have a larger An-Cl bond
length and lower 6d population, possess a less covalent An—Cl
bond. Moreover, Fig. 4 reveals that unlike the trichlorides, for
which §(An,Cl) generally increases across the second half of
the series, the dichlorides’ 5(An,Cl) values decrease from Cf to
No. This not only suggests that increased covalent behaviour is
not the reason for increased (relative) dichloride stability at the

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 The An-Cl delocalisation index 5(An,Cl) for AnCl, and AnCls.>?

end of the series (Fig. 2), but also indicates a change in behav-
iour from the trichlorides. In our previous work, we suggested
that the small increase in §(An,Cl) from Cf to Md for the tri-
chlorides was due to an energy match between the 5f metal
and 3p ligand orbitals, i.e. energy degeneracy driven covalency.
Thus, the opposite trend in §(An,Cl) for the later AnCl,
suggests either a lack of energy matching or that it occurs to a
lesser extent. The Wiberg Bond Index (WBI), shown in
Table SI4 and Fig. SI6,T supports these observations, as it has
a very similar trend to the §(An,Cl) (R* = 0.965), albeit with a
consistently lower magnitude across the series (Mean Absolute
Deviation between §(An,Cl) and WBI = 0.198).

The energies of metal and ligand orbitals, and hence
energy degeneracy driven covalency, can be sensitive to the
computational approach used. In our previous work on AnCl;,
we performed a functional comparison between PBE and
PBEO, and found that the meta GGA (PBE) showed a marginally
better energy matching than the hybrid (PBEO) between the
metal 5f and chlorine 3p orbitals.>® It was clear, however, that
despite differences in magnitude, the overall trends between
the two functionals were similar, and hence that the trends
presented here for AnCl, are representative of DFT approaches.

As the dichlorides do not become more covalent across the
series, their increased relative stability indicated by the
enthalpy calculations must arise due to increased ionic bond
strength. This assumption is supported by Fig. 5 (and
Table SI6%), which shows the average (« and p) ionic/covalent
bond order obtained from NRT calculations. These data high-
light that the dichlorides all possess a very ionic An-Cl bond
across the series. Moreover, the NRT trend is somewhat
similar to the bond lengths in Fig. 1, with a larger ionic vs.
covalent bond order ratio associated with the late actinides,
once more suggesting increased ionic behaviour from Pu-Md
(excepting Cm and Bk). Furthermore, as with &(An,Cl), the
dichlorides’ ionicity increases from Cf-Md, again highlighting
a difference in behaviour between the trichlorides and dichlor-
ides in the latter half of the series. NRT also further supports
the assumption that there is an absence/smaller degree of
energy degeneracy driven covalency, or at least by the same
mechanism seen for the trichlorides, as when splitting the
ionic/covalent bond order into its o and  components
(Fig. SI8t), the ratio for the two sets of orbitals both increase

This journal is © The Royal Society of Chemistry 2022
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10
—e—dichloride

=—e—trichloride

lonic Vs Covalent Natural Bond
Order Ratio
~

Fig. 5 The ratio of the ionic to covalent contributions to the natural
bond order in AnCl, and AnCls (from previous work®2). No is excluded,
as it did not converge on a resonance structure for the p orbitals.

at the end of the series, by contrast to the trichlorides for
which the a spin’s ratio increases but the § spin’s, where the
energy matching and increased covalency occurs, decreases.

We now turn to NBO analysis of the dichlorides. As with
the trichlorides, the default NBO options produced a rather
varied picture across the series, with ThCl, possessing double
bonds, PaCl, triple bonds, UCl, and NpCl, triple bonds in the
a manifold and single in the B, whilst (Pu-No)Cl, possessed
single bonds. Therefore, to obtain a consistent comparison
across the series, and with the trichlorides in the previous
study,”® double bonds were imposed across the series via the
CHOOSE option (thus resulting in all molecules having o-type
NBO and a n-type NBO for both the o and f orbitals). Similar
to the trichlorides, the NBOs are dominated by the chlorine
ligand; as shown in Table SI7, the metal involvement to the
NBOs (m%) are <11.76%. The average m% for the dichlorides
(as shown in Fig. SI9 and Table SI17}) follows the same trend as
the bond length, §(An,Cl) and NRT, i.e. (Th-Np, Cm, Bk) have
a m% value similar to the trichlorides, but as one progresses
across the series and the 6d population decreases for elements
Pu, Am, Cf-No, the m% decreases significantly. The break-
down of the 6 and = NBOs is shown in Tables SI8-S11} and
Fig. 6 for An = Th-Md, and Fig. SI10f for An = Th-No. As with
the trichlorides, the d orbital dominates the metal orbital con-
tribution, with the f contribution being smaller across the
series for both o (Fig. 6a) and = (Fig. 6b) type orbitals. Those
compounds previously noted to have shorter bond lengths,
larger excess d populations and §(An,Cl) are also the ones with
the largest d character in their ¢ and = NBOs.

Our previous study of AnCl; identified An 5f/Cl 3p energy
degeneracy covalency in the later members of the series. The
NBO composition data for AnCl,, however, differ significantly
from those of AnCl; (Fig. SI18}) post Bk; there is not a peak in
B f% for the second half of the series for the o-type and a
much smaller peak from Cf to Md for zn-type orbitals for the
dichlorides. Fig. 7 (and Table SI127), which shows the average
5f and 3p NAO energy difference, indicates that the dichlor-
ides’ average metal 5f orbital and chlorine 3p f orbital energy
difference is larger than the trichlorides’, and never reaches
the energy match seen with FmCl;. This supports reduced
energy degeneracy covalency in the p orbitals of the later
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Fig. 6 Actinide d and f natural atomic orbital contributions (%) to the
(a) o type and (b) = type NBOs for AnCl,. (NoCl; is omitted as it is a full
shell thus is not divided into a and p — see SI10t for the corresponding
graph for the whole series where the o« and p compositions are averaged
for An = Th—Md).

04 -

=—o—trichloride @  «--®-- trichloride B

««+0 - dichloride B

=== dichloride o
0.3 A

02 4 ."'.'.'3‘-3..

Energy difference between the average
An 5f and Cl 3p NAO/Hartrees

-0.2 -

Fig. 7 The average energy difference (Hartrees) between the 5f and 3p
NAOs on the An and Cl centres respectively for AnCl, and AnCls °? (An =
Pu—Md).

AnCl,, and the lesser f% increase for the dichloride p spin
orbitals. Furthermore, unlike in the analogous plot for the tri-
chlorides, there is no peak in the o f% for the n-type orbitals at
Am. This is supported by Fig. 7, as it shows significant average
energy difference between the 5f and 3p a orbitals for AmCl,,
thereby emphasising the connection between peaks in f% con-
tribution to NBOs and energy degeneracy driven covalency.
There is an energy match at Cf for the 5f « spin orbitals, but as
these metal orbitals are full at this point in the series, they are
unable to accept electrons from the chloride orbitals and no
energy degeneracy covalency is seen.
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Fig. 8 The average energy difference (Hartrees) between the Cl and An
localised NHOs involved in the B spin ¢ and = type NBOs for AnCl, (An =
Am-—Md).

By contrast to the trichlorides, the dichlorides do not have
a strong correlation between the f metal and ligand NHO
energy difference (Fig. 8 and Table SI121) and the f f% contri-
bution to the NBO (Fig. 6). For example, for the dichlorides’ ©
f orbital, despite a peak from Am to Bk in both the NBO con-
tribution and NHO energy difference data, the f% in the NBO
contribution decreases significantly at Cf, whereas the NHO
energy difference gradually decreases to Es. The trend in p {%
in the NBO appears to be related to the energy difference
between the 5f and 3p NAOs in Fig. 7, with the f% and energy
match between the ligand and metal orbitals decreasing from
Bk to Cf and increasing at Es. However, unlike the trichlorides’
f = metal NHOs, which are composed almost exclusively of d
or f character, the dichlorides’ § # NHOs have a significant s
and p character. In fact, for almost all types of NBO that have
small f%, there is a corresponding higher s% and/or p%.
Thus, the NHO energy is not solely influenced by the 5f, but
also by the energy of the other orbitals. This proposal that that
dichlorides’ p NBO properties are influenced by more than the
6d and 5f orbitals is supported by the increase in NHO overlap
integrals seen in Fig. SI17 and Table SI137 at Cf, where there is
a decrease in f% and an increase in the spatially more diffuse
p% in the NBO. In other words, there is less energy degeneracy
driven covalency at the end of the series for the dichlorides,
and hence maximising orbital overlap is a more important
factor in stabilising a bonding interaction between the actinide
metal and chloride ligand.

Conclusions

The story of the actinide dichlorides is one of two groups. (Th-
Np, Cm, Bk) possess bond lengths similar to the trichlorides,
which are significantly shorter than those of the other AnCl,.
According to QTAIM, NBO and NRT analysis, the An-Cl bonds
in (Th-Np, Cm, BK)Cl, are more covalent than those of the
dichlorides of the second group (Pu, Am, Cf-No). NPA shows a
significant decrease in the expected 5f and increase in the 6d
population of these compounds, and NBO composition data
also highlight increased 6d character in their bonds. This

This journal is © The Royal Society of Chemistry 2022
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increased involvement of the 6d orbital has been previously
witnessed by Mikheev and Rumer, who suggested that these
members of the series promote an electron from a 5f orbital to
a higher energy virtual 6d orbital to stabilise the +2 state, as
population of the d orbital provides a net stabilisation. Thus,
we suggest that the increased covalency seen for these com-
pounds is driven by the population of the spatially more
diffuse 6d orbital.

As one moves across the series the 5f orbitals decrease in
energy and the f-d excitation energy becomes larger than the d
stabilisation energy. Thus, it is no longer energetically ben-
eficial to promote a 5f electron to the 6d orbital. The reduced
population of the spatially more diffuse 6d orbital, and the
well-established contraction of the 5f orbitals, leads to overlap
between the ligand and metal orbitals decreasing significantly
towards the end of the series, and hence to more ionic
bonding. In AnCl; the contraction and stabilisation of the An
5f p spin orbitals generates energy degeneracy driven covalency
through energy matching with the Cl 3p orbitals for the later
An, but even for the heavier AnCl, this energy difference is still
relatively large, and there is no significant energy driven
covalency.

We find that the +2 oxidation state becomes more stable vs.
the +3 across the series. Mikeev and Rumer have previously
suggested that this stability is related to the energy lowering of
the 5f orbitals. We find that this energy lowering leads, in the
case of the trichlorides, to energy degeneracy driven covalency
in the later members of the series, but that this effect is much
smaller for the dichlorides. Hence the divalent state may be
more accessible in the latter half of the actinide series but, for
chloride ligands at least, it is not more covalent.
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