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Abstract

More than a hundred years after its discovery, the chemistry of the polonium

radioelement is still largely unknown. However, it is quite clear that the properties

of this heavy element (Z = 84) may be affected by relativistic effects, in particular

scalar relativistic effects and the so-called spin-orbit coupling (SOC). In this article, we

revisit the interpretation of UV-Vis absorption spectra of polonium(IV) complexes in

HCl medium, reported decades ago. From the data, two complexes were hypothesized,

complex I with a maximum of absorption at 344 nm (at low HCl concentration) and

complex II with a maximum at 418 nm (the only visible peak for HCl concentrations

above 0.5M). By monitoring the absorbance at 344 and 418 nm as a function of both

the HCl concentration and the pH, complex I was formulated as [Po(OH)Clx]3−x while

complex II was as [PoCl2+x]2−x. In this work, we study the ground-state geometries

of the [Po(OH)Clx]3−x and [PoCl2+x]2−x complexes for x = 4–2, i.e. for the most

probable complexes, with DFT, demonstrating that solvation can remarkably change

the geometries of such systems. The electronic excitation energies are then computed

with TD-DFT, NEVPT2 and c-SOCI, showing (i) that the SOC must be at play to

obtain excitation energies in the right energy domain and (ii) that the quantum chemical

calculations point toward x = 4, i.e. toward the [Po(OH)Cl4]− and [PoCl6]2− complexes.

1 Introduction

The chemistry of the polonium radioelement (Z = 84) remains largelly unexplored1,2 despite

its early discovery in 1898 by Marie and Pierre Curie. This radioelement is naturally present

in environment.3 Thus, humans are de facto exposed to its radiation, in particular to the

polonium-210 ones. Also, anthropic activities may modify local polonium concentrations, for

instance in tobacco leaves (phosphate fertilizers)4 or in coal ashes (thermic power plants).5
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At the atomistic or molecular level, little structural information is experimentally known.

The first ionization potential (IP) of the free atom, already estimated by Charles in 1966 to

8.417 eV,6 has been very recently redetermined by means of two independent experiments,7,8

TRIUMF ISAC and CERN ISOLDE, leading to an average value of 8.41807 eV. Such forefront

experiments are of invaluable interest for computational chemists, since they lead to reference

values for testing the most accurate methodologies as well as more approximate ones. For

instance, Borschevsky et al.9 proposed a reference computational value of 8.432 eV for

this IP (by means of fully relativistic calculations plus Breit and quantum electrodynamics

corrections), as well as a series of more approximate ones. The situation is much less clear

regarding the chemical behavior of polonium species in solution. Notably, the complexation

of the polonium(IV) ion with four distinct ligands has been recently studied by one of

us.10 However, due to the lack of a firm argument concerning the identification the starting

species, so far only apparent constants have been defined from the speciation change studies

(performed by monitoring the radioactivity distribution).

In this context, our objective is to determine a “zero point” for studying polonium

speciation changes in solution by firmly identifying at least one chemical species of polonium,

obviously under known experimental conditions. In this work, we report a first attempt

toward this by providing new arguments concerning the polonium speciation based on new

quantum mechanical calculations. In particular, we will base our analysis on the confrontation

of new computational results to old UV-Vis absorption data obtained in HCl medium.11 In

this seminal study, two polonium(IV) complexes were hypothesized, characterized by maxima

of absorption at 344 nm and 418 nm, respectively. While the peak belonging to the former

complex was seen for low HCl concentrations, the peak corresponding to the latter complex

ended up to be the only visible one for concentrations above 0.5 M. Moyer notably concluded

that “at least two complexes involving polonium and chloride ions exist in hydrochloric acid”,

and by variation of the HCl concentration and of the pH, that the absorption peaks at 344

and 418 nm would correspond to the [Po(OH)Clx]3−x and [PoCl2+x]2−x species, respectively,
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with x unknown.11 Because several studies are consistent with the formation of the [PoCl6]
2−

complex at high HCl concentrations,12–16 we first hypothesize that x ≤ 4. Furthermore, it

seems unreasonable to us to consider an x value of 1, since at high HCl concentrations we

simply expect that a cationic [PoCl3]
+ species would further interact with chloride ions to

form at least the neutral PoCl4 species. By a same reasoning, we also discard the x = 0 value.

Therefore, we only retain the x = 4, 3 and 2 values for this quantum mechanical study, i.e.

the [PoOHCl4]
−/[PoCl6]

2−, PoOHCl3/[PoCl5]
− and [PoOHCl2]

+/PoCl4 couples.

Within the static quantum mechanical approach (by opposition to the molecular dynamics

one), a first shot for modeling maxima of absorption consists in computing vertical electronic

excitation energies, leaving aside the vibrational degrees of freedom. Since electron correlation,

relativistic effects, and environment effects are susceptible to affect the computed excitation

energies, the computational strategy to be employed must by some means account for these

physical effects. Polonium(IV) ions are characterized by a formal [...]6s2 atomic electronic

structure. Thus, the spin-orbit coupling is expected to hardly affect the molecular geometries

of the solvated ions and of the coordination complexes that may form (little population of the

6p shell is expected by electron donation from the solvent molecules and/or the ligands by

non-covalent interactions and formation of coordination bonds, respectively). Because of this,

we will only report scalar-relativistic density functional theory (DFT) optimized geometries,

obtained in the absence or in the presence of a conductor-like polarizable continuum model

(C-PCM).17 At the resulting geometries, single-point time-dependent density functional

theory (TD-DFT), second-order N -electron valence state perturbation theory (NEVPT2)18

and contracted spin-orbit configuration interaction (c-SOCI) results will be presented. At the

TD-DFT level, the “direct” influence of solvation on the “electronic” excitation energies will

be probed at the “gas phase” and at the solvated geometries. Note that the NEVPT2/c-SOCI

approach can be quite successful for computing non-adiabatic or vertical energy differences of

bound 6p systems,19–23 the missing spin-orbit polarization being more important for describing

free atoms/ions and thus dissociation energies.21,24
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2 Methodology

2.1 Ground-State Geometry Optimizations

Ground-state DFT geometry optimizations have been performed at the SR level within

the spin-restricted closed-shell formalism (RDFT, 〈S2〉 = 0) with the Gaussian 09 program

package.25 Several starting geometries, corresponding to different molecular symmetry point

groups (SPGs), have been considered in each case. For all the converged structures, the

absence of any imaginary frequency has been first checked. In most of the cases, only one

stable structure has been found. When two stable structures were obtained, the energy

difference between the two stable structures has always been more than 10 kJ·mol−1, apart

from specific cases that will be detailed in the main text. In each case, only the lowest-energy

structure has been reported and retained for the further excitation-energy computations. The

B3LYP exchange-correlation functional26–28 was used, together with the aug-cc-pVTZ29–31

(H, O and Cl atoms) and the aug-cc-pVTZ-PP32 (Po atom) basis sets, the latter being used in

conjunction with the ECP60MDF energy-consistent pseudopotential.32 The B3LYP functional

was chosen not only due to its widespread use in the literature but also for its observed good

performance as compared to CCSD(T) calculations for computing the geometries of hydrated

polonium(IV) species.33

Two sets of optimized geometries have been collected, namely the “gas phase” (GP)

one, actually corresponding to calculations in vacuum, and the “condensed phase” (CP)

one, actually corresponding to calculations in vacuum plus the application of a C-PCM

perturbation,17 here meant to implicitly account for solvation effects in water (i.e. in aqueous

solution). The alpha parameter, which is a multiplication factor that is applied to the atom

radii prior to building the molecular cavity surface, has been manually set to the 1.2 value.

The following radii have been considered: 2.354 Å for Po34 (as in previous studies by Ayala et

al.33,35–37), 1.980 Å for Cl38 and 1.520 Å for O.34 No radius has been applied for the H atom

(united atom fashion38). Note that a full discussion on the choice of the radii, in particular
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the one of the Po atom, is out of the scope of the present work. Actually, test calculations

have shown that little structural changes were observed by considering alternative choices

of radii, in particular regarding the Po atom, which is quite in a “central” position in the

considered complexes (vide infra).

2.2 Excitation-Energy Computations

Two sets of excitation-energy computations have been determined. In the first set, spin-orbit

free (SOF) excitation energies have been computed by means of TD-DFT,39 at both the

GP and CP geometries, in the absence or in the presence of the C-PCM, with the same

computational parameters as for the geometry optimizations (vide supra). The TD-DFT

solutions consist in linear combinations of single-excited configurations (with respect to the

ground configuration). These solutions are by construction mutually orthogonal for each set

of given spin “symmetry” (here 〈S2〉 = 0 or 〈S2〉 = 2) and the outcome of the calculation

may slightly depend on the number of roots that is asked for. The number of roots has been

set to 3 in each spin subspace to describe only the lowest-lying excited states, in accord with

the following WFT study (vide infra). These calculations have been performed to highlight

the role of the implicit solvation on the SOF excitation energies at both sets of GP and CP

geometries. The spin-orbit coupling (SOC) has not been considered in this TD-DFT study,

unlike in the complementary and conclusive wave function theory (WFT) one. Of course,

only the excitations to spin-singlet states display non-zero oscillator strengths.

Multiconfigurational and relativistic WFT calculations have been then performed at

the GP and CP geometries with the ORCA program.40 The “direct” role of solvation

on the excitation energies has been neglected. The WFT calculations consists in state-

average complete-active space self-consistent field (SA-CASSCF),41,42 NEVPT218 and c-SOCI

calculations. Note that NEVPT2 makes use of the so-called Dyall’s Hamiltonian,43 which is

meant to prevent the occurrence of spurious intruder states. In the c-SOCI calculations, the

SA-CASSCF solutions are used to compute the (offdiagonal) SOC matrix elements, while
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the diagonal of the Htotal = Helectronic + HSOC matrix has been dressed with the NEVPT2

“electronic” energies.44,45 Note that since this matrix is computed within the basis of the

SA-CASSCF solutions, Helectronic is by construction diagonal. Scalar relativistic effects have

been explicitly accounted for via the use of the Douglas-Kroll-Hess Hamiltonian.46–48 The

SOC is computed within the mean-field approximation.49,50 The minimal active space, which

consists in 2 electrons within 4 orbitals (i.e. an “occupied” MO displaying some 6s character

and the three “unoccupied” ones displaying strong 6p characters), has been used for all the

reported results. Test calculations revealed that extension of the active space size was hardly

affecting the computed electronic-excitation energies. Naturally, since the DKH Hamiltonian

is used, all-electron basis sets had to be employed, unlike in the DFT study. Actually, the

SARC-TZVP-DKH basis sets51,52 have been used for all the atoms. The number of states

has been fixed to 4 spin-singlet and 3 spin-triplet states in the SA-CASSCF and thus in the

NEVPT2 calculations. Thus, the c-SOCI calculations have resulted in 13 energy levels. Test

calculations performed with 10 spin-singlet and 6 spin-triplet SOF states (i.e. all the SOF

states belonging to the active space) evidenced little effect of the number of SOF on the

computed lowest-lying excitation energies.

3 Results and Discussion

3.1 Ground-State Geometry Optimizations

3.1.1 Gas-Phase Geometries

Representations of the gas phase structures are given in Figure 1. Perhaps the first and

most important feature to be discussed for a given geometry is its associated molecular SPG.

While [PoCl6]
2− and [PoCl5]

− display trivial SPGs (Oh and D3h, respectively), the symmetry

of the other species in the gas phase are a bit less trivial: PoCl4 is a distorted tetrahedron of

C2v symmetry, [Po(OH)Cl4]
− and [Po(OH)Cl2]

+ bear a planar symmetry (Cs SPG), while
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Po(OH)Cl3 is hermetic to any symmetry property (C1 SPG). The full atomic coordinates

are given in Section SII. However, one may list here the most important characteristics of

these structures, i.e. the Po–X bond distances: 2.67 Å for [PoCl6]
2−, 2.58 (×3) and 2.61

(×2) Å for [PoCl5]
−, 2.58 (×2) and 2.45 (×2) Å for PoCl4, 2.63 (×2), 2.65, 2.58 and 2.06

Å for [Po(OH)Cl4]
−, 2.58, 2.53, 2.45 and 2.03 Å for Po(OH)Cl3, and 2.39 (×2) and 2.01

Å for [Po(OH)Cl2]
+. In the case of PoCl4, we note that the tetrahedral structure is also a

stable one, and that it is quite close in energy to the reported one (ca. 2 kJ·mol−1 of energy

difference in the gas phase).

Figure 1: Ball and stick representations of the DFT gas-phase geometrical structures of the
[PoCl2+x]2−x (top) and [Po(OH)Clx]3−x (bottom) complexes (x = 4–2). Symmetry point
groups are indicated in parentheses. Color code: gray stands for Po, green for Cl, red for O,
and light pink for H. Bond distances are given in Å.

3.1.2 Condensed-Phase Geometries

As can be seen in Figure 2, important changes on the molecular geometries and in particular

on the immediate atomic environment of polonium(IV) ions may be triggered by solvation.
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In particular, the structure of [PoCl5]
− in the presence of the C-PCM perturbation changes

to an almost perfect square pyramid (C4v SPG), while the one of PoCl4 becomes much

more distorted, being closer to a perfect “seesaw” (disphenoidal geometry of C2v symmetry).

Although these geometries may seem quite peculiar for a tetravalent ion, similar geometries

have already been reported by Ayala et al. for the [Po(H2O)n]4+ (n = 5, 4) hydrated

clusters, which were rationalized in terms of bond analyses and point charge calculations.33

As previously, the full atomic coordinates are given in Section SII. In these structures, the

Po–X bond distances are: 2.65 Å for [PoCl6]
2−, 2.62 (×4) and 2.47 Å for [PoCl5]

−, 2.57 (×2)

and 2.43 (×2) Å for PoCl4, 2.63 (×2), 2.62, 2.61 and 2.05 Å for [Po(OH)Cl4]
−, 2.58, 2.56, 2.45

and 2.02 Å for Po(OH)Cl3, and 2.40 (×2) and 1.99 Å for [Po(OH)Cl2]
+. Thus, apart from

the special case of [PoCl5]
− for which one bond distance is significantly shortened (which is

associated with a SPG change concomitant to quite a significant change in the “apical” ligand

field), all the reported distances are affected by less than 0.05 Å upon solvation, meaning

that here, only moderate effects on the bond distances are overall observed. In the case of

[PoCl5]
−, we note that the trigonal bipyramid structure is also a stable one, and that it is

somehow quite close in energy to the reported one (ca. 4 kJ·mol−1 of energy difference in the

condensed phase). Thus, the symmetric D3h structure for [PoCl5]
− is always a minimum on

the potential energy surface (it is a global minimum in the gas phase and a local one in the

condensed one). Therefore, the pseudo-Jahn–Teller effect53 is inactive in both the phases.

While for PoCl4 this effect is also inactive in the gas phase (the Td structure being the global

minimum), it may not be the case in the condensed one (the symmetric structure becoming a

third-order saddle point). Therefore, the occurrence of a “seesaw” structure in the condensed

phase for PoCl4 may be indicative of a solvation-activated pseudo-Jahn–Teller effect. In the

remainder of the article, both sets of GP and CP structures will be considered for performing

the single-point TD-DFT, NEVPT2 and c-SOCI calculations.
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Figure 2: Ball and stick representations of the DFT condensed-phase geometrical structures
of the [PoCl2+x]2−x (top) and [Po(OH)Clx]3−x (bottom) complexes (x = 4–2). Symmetry
point groups are indicated in parentheses. Color code: gray stands for Po, green for Cl, red
for O, and light pink for H. Bond distances are given in Å.
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3.2 Excitation-Energy Computations

3.2.1 Gas-Phase and Condensed-Phase TD-DFT Excitation Energies

Since not much reference data is available for excitation energies in polonium(IV) complexes,

no benchmark study has been devoted to the computation of such quantities by means of

TD-DFT, in particular with respect to the choice of the exchange-correlation functional. In

this work, we only report a preliminary study aiming at estimating the consequence of (i)

the choice of the reference geometry (GP vs. CP in Table 1) and (ii) the introduction of the

C-PCM perturbation of the excitation energies of interest (GP vs. CP = GP + C-PCM in

Table 1). Naturally, we expect the following WFT study to provide us with more accurate

excitation energies, though these will be generated in the absence of the C-PCM perturbation.

As can be seen in Table 1, apart from the [PoCl5]
− case which deserves a more detailed

discussion, it is clear that the choice of the reference geometries can affect a given computed

excitation energy by up to ∼0.5 eV (PoCl4, see in particular the excitation to spin-singlet SOF

states). Also, since we have already pointed out that the introduction of the C-PCM can lead

to important geometrical changes in polonium(IV) structures, we conclude that it is crucial

for the scope of the present study to consider the CP structures for single-point calculations

aiming at interpreting the UV-Vis data reported by Moyer.11 The case of the [PoCl5]
−

complex is more subtle: by going from the D3h (GP) structure to C4v (CP) one, one expects

to flip the doubly degenerate spin-singlet and spin-triplet states with the non-degenerate ones

(excitation to the 6px,y and 6pz orbitals, respectively). However, since other non degenerate

states appear in the spectra (see Table 1), the resulting TD-DFT spectra at the CP geometry

are thus qualitatively different from the ones obtained at the GP geometry, i.e. they do not

correspond to the sole single excitation to the 6p orbitals. Note that the expected pattern,

i.e. one non degenerate and then one doubly degenerate SOF state for each spin “symmetry”,

will be obtained at the NEVPT2 level (vide infra).

As soon as the geometry type (either GP or CP) is fixed, the role of the C-PCM
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perturbation on the excitation energies of interest remain moderate: it is always less than

∼0.3 eV for a given excitation energy, and usually no real differential effect between the

spin-singlet and spin-triplet states is observed. As will be shown in Section 3.2.2, a key

ingredient for describing the UV-Vis spectra reported by Moyer11 relates to the mixing

between the spin-singlet SOF states and some components of the spin-triplet ones spectrum.

This mixing relates to the spin-singlet/spin-triplet energy gap(s), and thus, a more important

feature of Table 1 is that the C-PCM perturbation does not affect much the gap(s). In

other words, it is not crucial to consider the C-PCM perturbation while computing the CP

excitation energies. Thus, the following WFT study will be performed only in the gas phase.

Table 1: TD-DFT Excitation Energies (in eV) as Functions of the Geometry and
of the Considered Phase. The Numbers of Degenerate Components Are Given
in Parentheses, When Relevant.

GP CP = GP + C-PCM
Species Geometry ∆E(S0 → T1−3) ∆E(S0 → S1−3) ∆E(S0 → T1−3) ∆E(S0 → S1−3)

[PoCl6]2− GP = Oh 3.69(3) 4.30(3) 3.70(3) 4.36(3)
CP = Oh 3.76(3) 4.38(3) 3.77(3) 4.43(3)

[PoCl5]− GP = D3h 3.13(2); 3.71 3.96(2); 3.97 3.15(2); 3.79 4.05(2); 4.07
CP = C4v 2.77; 3.17; 3.47a 3.13; 3.23; 3.63a 2.90; 3.37; 3.61a 3.26; 3.42; 3.82a

PoCl4 GP = C2v 2.75; 3.03; 3.32 3.70; 3.85; 4.04 2.80; 3.08; 3.38 3.70; 3.88; 4.08
CP = C2v 2.94; 3.09; 3.33 3.24; 3.43; 3.51 3.13; 3.28; 3.53 3.44; 3.63; 3.71

[Po(OH)Cl4]− GP = Cs 3.74; 4.01; 4.03 4.09; 4.26; 4.57 3.97; 4.08; 4.08 4.35; 4.57; 4.77
CP = Cs 3.75; 4.04; 4.07 4.07; 4.18; 4.53 3.97; 4.10; 4.11 4.32; 4.49; 4.77

Po(OH)Cl3 GP = C1 3.29; 3.79; 3.96 3.71; 4.06; 4.13 3.44; 3.97; 4.12 3.88; 4.20; 4.28
CP = C1 3.26; 3.59; 3.82 3.61; 3.90; 3.93 3.45; 3.83; 4.06 3.82; 4.14; 4.17

[Po(OH)Cl2]+ GP = Cs 3.97; 4.09; 4.13 4.57; 4.67; 4.68 4.15; 4.20; 4.25 4.67; 4.76; 4.81
CP = Cs 3.89; 4.04; 4.05 4.50; 4.59; 4.61 4.09; 4.17; 4.19 4.62; 4.72; 4.73

aExtension of the number of requested roots revealed that these solutions are in fact doubly degenerate.

3.2.2 Gas-Phase NEVPT2 and c-SOCI Excitation Energies

To first highlight the importance of the SOC on the potentially active electronic transitions,

we will first discuss the case of the [PoCl6]
2− complex. At both GP and CP geometries, this

system displays an Oh SPG. The single excitation to the 6p levels thus result in one triply

degenerate spin-triplet SOF state and one triply degenerate spin-singlet one (see Figure 3

and Table 2). Consequently, only one transition is active at the SOF level (red arrow in
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Figure 3). The corresponding excitation energy, 4.72 eV at the CP geometry, is thus clearly

out of the wavelength domain of interest (it would transfer into 263 nm while one seeks

there at explaining a maximum of absorption at 418 nm). Once the SOC is introduced, the

triply degenerate spin-triplet SOF state is split into three components, one of which being

mixed with the triply degenerate spin-singlet components (see Figure 3). Because of this

mixing arising at the second order of perturbations, two electronic transitions are then active

(red arrows in Figure 3), leading to two transitions with non-zero oscillator strengths (see

Table 3). The “smallest” arrow, corresponding to an excitation energy of 3.01 eV, would

transfer into 412 nm, while the “longest” one, corresponding to 5.30 eV, would transfer into

234 nm (see Table S1). Clearly, it is thus crucial to include the SOC while computing the

smallest excitation energies in these systems, in particular to obtain characteristic absorption

wavelengths in the right domain (here, around 418 nm, within a few tenths of nm of margins).

Note that in this complex, both the GP and CP geometries lead to similar excitation energies

(and thus, anticipated maxima of absorption).

Figure 3: Ground and singly-excited spin-orbit free states and spin-orbit levels of the [PoCl6]
2−

complex (Oh symmetry point group). Significant but not dominant components are given in
parentheses. Spin-allowed transitions from the ground spin-orbit free and spin-orbit states
are indicated by red arrows.

For the other two [PoCl2+x]2−x candidates (x = 3, 2), the SOC also has an important

role on the excitation energies (see Tables 2 and 3). According to our results, both the

[PoCl5]
− and PoCl4 complexes would display significant absorption properties above 468 nm,

i.e. more than 50 nm above the targeted maximum of absorption. For these wavelengths,

50 nm would transfer into 0.32 eV. On the SOF excitation energies of interest, the effect of
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Table 2: Gas-Phase NEVPT2 Excitation Energies (in eV) as Functions of the
Geometry. The Numbers of Degenerate Components Are Given in Parentheses
When Relevant.

GP
Species Geometry ∆E(S0 → T1−3) ∆E(S0 → S1−3)

[PoCl6]2− GP = Oh 4.23(3) 4.65(3)
CP = Oh 4.30(3) 4.72(3)

[PoCl5]− GP = D3h 3.46(2); 4.38 3.86(2); 4.93
CP = C4v 3.09; 4.36(2) 3.29; 4.99(2)

PoCl4 GP = C2v 3.02; 3.28; 3.58 3.57; 3.79; 3.97
CP = C2v 3.20; 3.39; 4.41 3.35; 3.57; 5.49

[Po(OH)Cl4]− GP = Cs 4.14; 4.45; 4.59 4.29; 5.03; 5.26
CP = Cs 4.14; 4.51; 4.58 4.28; 5.12; 5.28

Po(OH)Cl3 GP = C1 3.65; 4.39; 4.51 3.90; 4.44; 5.69
CP = C1 3.64; 4.37; 4.47 3.83; 4.40; 5.71

[Po(OH)Cl2]+ GP = Cs 4.81; 5.75; 6.16 5.13; 6.01; 6.09
CP = Cs 4.73; 5.64; 6.17 5.04; 5.95; 6.03

the C-PCM that is missed in our WFT calculations is meant to be less than 0.2 eV (at the

TD-DFT level). Since the SOC is then mixing the spin-singlet SOF states with some of the

spin-triplet components, we anticipate that the bias that we introduce by not considering

the C-PCM perturbation is actually less important than the error that is done on one given

excitation energy. As a consequence, we believe that the results reported in Table 3 are

accurate enough to make a distinction between all the considered [PoCl2+x]2−x candidates (x

= 4–2), meaning that our calculations are in favor of the occurrence of the [PoCl6]
2− complex

for HCl concentrations above 0.5M.

Out of the analysis of Moyer,11 to a given [PoCl2+x]2−x complex was meant to correspond

a [Po(OH)Clx]3−x one. If one assumes that the conclusion of the previous paragraph is correct,

then this complex must be the [Po(OH)Cl4]
− one. Thus, a further important discussion,

for consistency with the analysis of Moyer, relates to the spectrum of this complex, and in

particular, if it is compatible with a maximum of absorption at 344 nm. According to Tables

3 and S1, it is indeed the case (a maximum of absorption is for instance predicted around 355

nm). Therefore, according to our calculations, the occurence of the [Po(OH)Cl4]
− complex at

low HCl concentration is compatible with the data of Moyer.

A last point worth being discussed concerns the potential occurrence of the other
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Table 3: Gas-Phase c-SOCI Excitation Energies (in eV) as Functions of the
Geometry. The Numbers of Degenerate Components, When Relevant, and the
Oscillator Strengths Are Given in Parentheses for Facile Identification of the
Allowed/Forbidden Transitions.

GP
Species Geometry ∆E1 ∆E2 ∆E3 ∆E4

[PoCl6]2− GP = Oh 2.82 (0.000) 2.94 (3, 0.083) 4.94 (5, 0.000) 5.23 (3, 0.431)
CP = Oh 2.88 (0.000) 3.01 (3, 0.084) 5.03 (5, 0.000) 5.30 (3, 0.434)

[PoCl5]− GP = D3h 2.42 (0.000) 2.50 (0.043) 2.56 (2, 0.060) 4.08 (0.000)
CP = C4v 2.52 (0.000) 2.60 (2, 0.038) 2.65 (0.031) 4.28 (0.000)

PoCl4 GP = C2v 2.11 (0.000) 2.19 (0.023) 2.25 (0.037) 2.31 (0.065)
CP = C2v 2.51 (0.000) 2.57 (0.013) 2.60 (0.011) 2.63 (0.041)

[Po(OH)Cl4]− GP = Cs 3.28 (0.000) 3.35 (0.014) 3.39 (0.057) 3.48 (0.111)
CP = Cs 3.31 (0.000) 3.38 (0.012) 3.45 (0.070) 3.50 (0.103)

Po(OH)Cl3 GP = C1 3.11 (0.000) 3.15 (0.004) 3.27 (0.037) 3.28 (0.060)
CP = C1 3.10 (0.000) 3.13 (0.003) 3.21 (0.026) 3.28 (0.060)

[Po(OH)Cl2]+ GP = Cs 4.32 (0.009) 4.34 (0.000) 4.39 (0.030) 4.57 (0.023)
CP = Cs 4.24 (0.003) 4.26 (0.000) 4.33 (0.033) 4.48 (0.019)

[PoCl2+x]2−x complexes, namely Po(OH)Cl3 and [Po(OH)Cl2]
+, at low HCl concentration.

While [Po(OH)Cl2]
+ seems excluded (no predicted characteristic absorption wavelength above

300 nm in Table S1), it is hard to discard the Po(OH)Cl3 one based on this comparison

between theory and experiment. Indeed, our calculations indicate a maximum of absorption

above 344 nm, associated with a smaller oscillator strength than the one predicted for the

[Po(OH)Cl4]
− complex (though this indicator should not be seen as a truly quantitative

one). Therefore, one cannot firmly exclude the possibility for forming this species, and this

species to be quite hidden in the spectrum because of the occurence of the [Po(OH)Cl4]
−

one. Although no sign for this appears in the reported data11 (for instance no “shoulder”

has been observed), we believe that further experimental and/or theoretical studies are still

required to elucidate the speciation of polonium(IV) in HCl medium. In particular, we plan

to perform X-ray absorption spectroscopy experiments in a near future, which should provide

us with more “direct” structural information from the experiment. It will be especially

important to check for the presence of water molecules in the immediate environment of the

polonium(IV) ion for the hydroxo complex(es) of interest (namely [Po(OH)Cl4]
−, and perhaps

also Po(OH)Cl3). For the [PoCl6]
2− complex, we believe that the size of the chloride ions
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should prevent such a presence, such that it should be possible to explain the experimental

data without involving an O atom in the first coordination sphere of the polonium(IV) ion,

as was observed for the isoelectronic [BiCl6]
3− complex.54 If applicable, a quantum chemical

study for which water molecules are explicitly treated will be particularly indicated for going

beyond the fully-implicit C-PCM picture.

4 Concluding Remarks

In this work, we have revisited the UV-Vis spectroscopy of polonium(IV) chloride complexes

in HCl medium by means of relativistic and multiconfigurational calculations. To the best

of our knowledge, this constitutes the first electronic structure study of this kind dedicated

to polonium species of actual experimental interest in solution. Although we are aware

that more systematic methodological studies are still required, for instance regarding the

implicit solvation model parameters (e.g. atomic radii), the explicit quantum chemical

treatment of water molecules, the choice of the exchange-correlation functional (DFT), basis

set (DFT and WFT), active space (WFT) and so on, this first study has already allowed

us to reach two main conclusions: (i) it is crucial to account for the SOC while computing

excitation energies of polonium(IV) complexes, although it is not necessary for computing the

molecular geometries and (ii) the species discussed by Moyer and observed several decades

ago11 are most probably [Po(OH)Cl4]
− (for low HCl concentration) and [PoCl6]

2− (for HCl

concentrations above 0.5M). For this latter situation, several indirect experimental studies

have also reached a similar conclusion,12–16 meaning that we are quite confident in being

capable of characterizing it in a forthcoming experimental study.

Supporting Information Available

Gas-phase c-SOCI absorption wavelengths and atomic coordinates of the gas-phase and

condensed-phase geometrical structures of the [PoCl2+x]2−x and [Po(OH)Clx]3−x complexes.
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(22) Sergentu, D.-C.; Amaouch, M.; Pilmé, J.; Galland, N.; Maurice, R. Electronic Structures

and Geometries of the XF3 (X = Cl, Br, I, At) Fluorides. J. Chem. Phys. 2015, 143,

114306.
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In this work, we revisit the absorption properties of potentially occurring polonium(IV)

complexes in HCl medium by confronting our computational results to old experimental

ones, concluding that at least two complexes are susceptible to occur, [Po(OH)Cl4]
− (low
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2− (HCl concentrations above 0.5M). Moreover, we show that

solvation can remarkably change the polonium(IV) molecular geometries, and that the SOC

must be here accounted for in the calculation to obtain correct excitation energies.
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