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S1 Additional computational details

Choice of active spaces and state interaction schemes.

Valence CAS calculations: For the openshell [AnCl6]2– (An = U–Pu) systems, the valence
electronic structures are explored with CAS(𝑛, 7) and CAS(12+𝑛, 13) with 𝑛 = 0 (Th, Hartree
Fock calculation), 2 (U), 3 (Np) and 4 (Pu). The correlated orbitals are the An 5f orbitals in
CAS(𝑛, 7), and additionally the 3 × Cl(3p) orbitals of 𝑡1𝑢 symmetry (bonding counterparts of
the 5f 𝑡1𝑢 antibonding orbitals) + the 3 × An 6p orbitals in CAS(12+𝑛, 13). CAS wavefunc
tions were calculated in separate stateaverage runs for all possible configurations per multiplicity
block and per irreducible representation of the𝐷2ℎ point group, i.e. 21 triplets and 28 singlets for
[UCl6]2–, 35 quartets and 84 doublets for [NpCl6]2–, and 35 quintets, 210 triplets and 196 singlets
for [PuCl6]2–.

CoreRAS calculations: LigandKedge XANESwas calculated with the core RAS approach
following a similar strategy and active space selection as in our previous work on various cerium
and actinide complexes.2–4 In these calculations, the six Cl 1s2 orbitals with at most one electron
hole spanned RAS1, the seven actinide 5f𝑛 orbitals (1 × 𝑎2𝑢, 3 × 𝑡1𝑢, 3 × 𝑡2𝑢 in𝑂ℎ) spanned RAS2,
and the three actinide 6d orbitals (3 × 𝑡2𝑔 in 𝑂ℎ) with at most one electron occupation spanned
RAS3. Since we focused on the description of the Cl Kedge XANES below∼2824 eV, known to
be generated by core transitions into the 5f and 6d 𝑡2𝑔 valence orbitals,1,5 the remaining two 6d 𝑒𝑔
orbitals were not included in the active spaces. For each [AnCl6]2– complex, all electricdipole
allowed core excited states (ESs) were calculated in separate stateaverage runs per any possible
spinmultiplicity block and per𝐷2ℎ irrep. Due to technical reasons related to degeneracies break
ing with the CAS secondorder perturbation theory (CASPT2), dynamic correlation was intro
duced with a series of individual singlestate singlereference extended multistate (XMS) PT26
(XPT2) calculations for each state, or group of degenerate states. The XPT2 calculations used
an IPEA shift of zero and a very large imaginary shift (IMAG) of 2 Hartree in order to eliminate
intruder states and to improve the similarity in the reference weights between the valence states
and the core ESs.

Core RAS + RASSI: For [ThCl6]2– and [UCl6]2–, all the caluclated core ESs were used in re
stricted active space state interaction (RASSI) calculations to compute SO couplings and electric
dipole oscillator strengths. Since the number of core ESs is too large, RASSI calculations were
performed with a reduced number of core ESs (determined by convergence of the Cl K edge
XANES) in the cases of [NpCl6]2– and [PuCl6]2–. Concerning [NpCl6]2–, all spinsextet core ESs
were retained in RASSI, plus 201 spindoublet and 201 spinquartet ESs per each gerade irrep of
𝐷2ℎ. Concerning [PuCl6]

2–, all spinseptet core ESswere retained in RASSI plus 201 spinquintet,
201 spintriplet and 201 spinsinglet core ESs per each ungerade irrep of 𝐷2ℎ. For all [AnCl6]

2–

complexes, in addition to the core ESs, all valence states of all possible spinmultiplicities arising
from AnIV 5f𝑛 were retained in RASSI.
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Figure S1: Unrestricted DFT/PBE0 calculations. Left panel: Qualitative MO diagram depicting
the An 6d 𝑒𝑔 and 𝑡2𝑔 and 5f 𝑎2𝑢, 𝑡2𝑢 and 𝑡1𝑢 energy levels of [AnCl6]2– (An = Th–Pu) systems. Right
panel: Isosurface plots (±0.03 au) of the 5f 𝑡2𝑢, 𝑡1𝑢 and 6d 𝑡2𝑔 𝛼-spin MOs with An–Cl antibonding
character.
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CAS PBE0

σ(Pu–Cl) 2 × Cl LPπ σ(Pu–Cl) 2 × Cl LPπ

[ThCl6]2− 2.4f; 5.4d; 2.1s 2.0f; 2.9d 3.3f; 7.4d; 2.5s 2.5f; 3.3d

BONLMO/NPA 0.41 0.52

[UCl6]2− 2.9f; 5.7d; 2.4s 2.0f; 3.1d α: 5.0f; 7.6d; 2.7s 3.0f; 3.8d

β: 4.2f; 7.3d; 2.6s 3.1f; 3.5d

BONLMO/NPA 0.44 0.58 (α+β)

[NpCl6]2− 3.0f; 5.9d; 2.5s 1.8f; 3.2d α: 6.2f; 7.7d; 2.7s 1.9f; 3.9d

β: 4.4f; 7.3d; 2.6s 2.9f; 3.6d

BONLMO/NPA 0.44 0.57 (α+β)

[PuCl6]2− 3.0f; 6.2d; 2.5s 1.5f; 3.4d α: 8.4f; 7.5d; 2.7s 1.5f; 3.9d

β: 3.9f; 7.2d; 2.6s 2.3f; 3.5d

BONLMO/NPA 0.44 0.57 (α+β)

Figure S2: Selected NLMOs (±0.03 au isosurfaces) and their An weight-% composition repre-
sentative of the An–Cl bonding interactions in [AnCl6]2– (An = Th–Pu). Left panel: CAS(12+𝑛,
13) SF calculations. Right panel: UKS/PBE0 SF calculations. For the An = U–Pu complexes,
the (𝛼-spin) NLMOs shown are those of [PuCl6]2–.
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Figure S3: GS bonding 𝑡2𝑢 and 𝑡1𝑢 MOs (±0.03 au isosurfaces) of [AnCl6]2– (An = Th–Pu).
CAS(12+𝑛, 13) calculations.
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Figure S4: GS 5f-based (antibonding) 𝑡2𝑢 and 𝑡1𝑢 MOs (±0.03 au isosurfaces) of [AnCl6]2– (An =
Th–Pu). Spin-free core RAS calculations.
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Figure S5: Upper figure: Calculated vs. experimental Cl K-edge XANES in [ThCl6]2–. Bottom
figure: The ‘stick’ spectra underlying the calculated Cl K edge is shown as oscillator strengths
scaled by the number of core-excited electrons into Th 5f (blue) and 6d (red) orbitals.
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Figure S6: Calculated vs. experimental Cl K-edge XANES data in [AnCl6]2– with An = U (panel
a), Np (b), and Pu (c). First row: Cl K-edge spectra. Second row: An n𝑑 Mulliken population in
the GS vs. low-energy core ESs with oscillator strength 𝑓 > 10−5. Third row: Cl 3p Mulliken
population in the GS vs. low-energy core ESs with oscillator strength 𝑓 > 10−5. Fourth row:
An–Cl 𝜌𝑏𝑐𝑝 QTAIM metric in the GS vs. low-energy core ESs with oscillator strength 𝑓 > 10−5.
Experimental spectra were digitized from graphical material published in Ref. 1.

S9



Table S1: Gaussian broadening (𝜎, in eV) values used to generate the calculated Cl K-edge
XANES spectra (XPT2//core RAS-SF and XPT2//core RAS-SO) and the energy shift (in eV)
applied to align the calculated spectra with the experimental counterparts.

[ThCl6]2– [UCl6]2– [NpCl6]2– [PuCl6]2–

𝜎 (SF / SO) 0.45 / 0.4 0.45 / 0.4 0.45 / 0.4 0.45 / 0.4
Shift (SF / SO) 20.35 / 20.35 20.3 / 20.3 20 / 20 19.9 / 20.2

Table S2: Decomposition of the NPA f-shell total population (𝑛f) in terms of contributions from
5f and 6f AOs.

An Approach 5f 6f 𝑛f
Th CAS(12, 13) 0.76 0.04 0.80

HF 0.75 0.03 0.78
core RAS 0.75 0.03 0.78

RKS/PBE0 1.00 0.03 1.03

U CAS(14, 13) 2.43 0.46 2.89
CAS(2, 7) 2.39 0.46 2.85
core RAS 2.39 0.46 2.85

PBE0 3.04 0.31 3.35

Np CAS(15, 13) 3.42 0.37 3.79
CAS(3, 7) 3.39 0.37 3.76
core RAS 3.39 0.37 3.76

RKS/PBE0 4.15 0.21 4.36

Pu CAS(16, 13) 3.45 0.23 4.68
CAS(4, 7) 4.41 0.24 4.65
core RAS 4.41 0.24 4.65

RKS/PBE0 5.26 0.11 5.37
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Table S3: UKS/PBE0 calculations. Metal f-shell (𝑛f) and d-shell (𝑛d) populations from NPA
(Mulliken) analyses, NPA metal charge [𝑞(An)], and Mayer / Wiberg bond order (MBO / WBO)
for [AnCl6]2– (An = Th–Pu).

An 𝑛f 𝑛d MBO / WBO 𝑞(An)
Th 1.03 (0.91) 1.70 (1.55) 0.99 / 0.89 0.904
U 3.26 (3.04) 1.78 (1.60) 1.03 / 0.96 0.515
Np 4.23 (4.02) 1.81 (1.61) 1.05 / 0.96 0.563
Pu 5.22 (5.07) 1.79 (1.56) 1.05 / 0.94 0.588

Table S4: UKS/PBE0 QTAIM metrics calculated at the An–Cl bond critical points (BCPs) of the
[AnCl6]2– (An = Th–Pu) complexes.

An 𝜌bcp ∇2𝜌𝑏𝑐𝑝 |𝑉 𝑏𝑐𝑝|∕𝐺𝑏𝑐𝑝

Th 0.062 0.139 1.318
U 0.067 0.160 1.313

Np 0.069 0.164 1.326
Pu 0.072 0.165 1.350
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