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Abstract

Pentavalent actinyl nitrate complexes AnVO2(NOs),” were produced by elimination of two
NO. from An"'(NOs)s~ for An = Pu, Am, Cm, Bk and Cf. Density functional theory
(B3LYP) and relativistic multireference (CASPT2) calculations confirmed the AnO2(NO3)2
as AnVO:" actinyl moieties coordinated by nitrates.  Computations of alternative
An'"O,(NO3),” and An'VO,(NOs),” revealed significantly higher energies.  Previous
computations for bare AnO2* indicated AnVO* for An = Pu, Am, Cf and Bk, but Cm"'O,*:
electron donation from nitrate ligands has here stabilized the first CmY complex,
CmVO,(NOs),. Structural parameters and bonding analyses indicate increasing An-NOs
bond covalency from Pu to Cf, in accord with principles for actinide separations. Atomic
ionization energies effectively predict relative stabilities of oxidation states; more reliable

energies are needed for the actinides.



Introduction

The range of accessible oxidation states (OSs) of an element is fundamental to its
chemistry. In particular, high OSs provide an assessment of the propensity, and ultimately
the ability, of valence electrons to become engaged in chemical bonding. Until recently, the
highest known OS in the entire periodic table was VIII, such as in the stable and volatile
molecules RuO4 and OsOs. The OS IX was finally realized in the gas-phase complex IrO4*,*
but neither this moiety nor this highest OS have been isolated in condensed phase.}?> The
appearance of distinctive and otherwise inaccessible chemistry in gas-phase species, such as
Ir in 1rO4", is generally attributed to isolation of a moiety that would otherwise be highly
reactive with neighbor species in condensed phases.® For example, gas-phase PaO2%*, which
comprises formally PaY!, has been synthesized but it activates even dihydrogen to yield
atomic H and PaO2(OH)?* in which the stable discrete Pa¥ OS state is recovered.* In view of
its gas-phase reactivity, there is scant chance of isolating PaO2%* in condensed phase. Another
example of a distinctively high OS accessible (so far) only in the gas phase is Pr¥ in PrO,*
and NPrO,>® this being the only known pentavalent lanthanide.

The early actinides yield ultimate OSs, from Ac'' to NpV"! that correspond to
engagement of all valence electrons in chemical bonding to yield an empty 5f° valence
electron shell.” After Np, the highest accessible actinide OSs, from Pu¥" to lower OSs
beyond Pu, have one or more chemically unengaged valence 5f electron(s), as the nuclear
charge increases and energies of the 5f orbitals decrease. The transition from chemical
participation of all 5f valence electrons in ubiquitous UY', to participation of only two valence
electrons in prevalent No'" 8 distinguishes the actinides from the lanthanides for which the
relatively low energy of the valence 4f orbitals results in only a few OSs above trivalent.®
The gas-phase molecular ions BkO>" and CfO>" were recently synthesized and their OSs
computed as BkY and Cf¥, which was an advancement beyond oxidation state 1V for these
elements and extended the distinctive actinyl(V) dioxo moieties into the second half of the
actinide series.!® It is notable that the computed oxidation state in ground-state CmO2" is not
CmV but rather Cm'"', which reflects the limited stabilities of OSs above Il for the actinides
after Am.10

A primary goal of the work reported here is to assess stabilities of OSs, particularly the
pentavalent OS, of the actinides Cm, Bk and Cf. These elements represent the transition from
the early actinides that exhibit higher OS, including AmY' and possibly also AmY" ! to the
latest actinides, Es through Lr, that have been definitively identified only in the An'" and/or
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An'"' OS. The meagre realm of OSs for the late actinides may not be entirely due to intrinsic
chemistry because synthetic efforts for these elements have been very limited due to scarcity
and short half-lives of available synthetic isotopes. Cm, Bk and Cf are the heaviest actinides
available as isotopes that are both sufficiently abundant (>10 pg) and long-lived (>100 d) for
application of some conventional experimental approaches with relatively moderate
procedural modifications. A gas-phase synthesis approach to achieve high OSs is nitrate
decomposition, whereby an anionic NOs ligand coordinated to a metal is converted to an
oxygen atom ligand with release of neutral NO,. If the created ligand is O%, which replaces
the disrupted NOs™ ligand, then the metal OS has been increased by one. However, if an
increased metal OS is inadequately stable, then the created ligand may instead be radical O°
(formally O°) with retention of the original metal OS. This approach was previously
employed to oxidize An"'(NOs)s to An'VO(NO3)s.12 We here extend this synthetic method
to seek oxidation beyond An'V, to potential AnY in AnO2(NOs).", with particular targets being
CmV, BKY and Cf¥. The pentavalent OS were recently assigned for BkO2* and CfO2*,*° and
an objective here is to extend and characterize these OSs in more complex coordination
environments that include nitrate ligands. It was previously predicted that ground-state
CmO2" does not comprise CmY but rather that the structure is the peroxide Cm(0O2)* in which
the oxidation state is Cm"'.2% We here assess the effect of nitrate coordination on the stability
of CmV in the CmO2* core of CmO2(NOs)2", concluding that the higher OS is stabilized by
nitrate coordination. The geometric and electronic properties of the synthesized complexes
were assessed by density functional theory (DFT) and multireference CASPT2 calculations.
The computational results affirm the assignments of pentavalent actinide OSs in the observed
AnO2(NOz3),” complexes and provide insights into the bonding in these complexes. The
calculations furthermore indicate a general increase in the covalency of An-nitrate bonding
interactions from An = Pu to An = Cf. Stabilities of high actinide OS are evaluated in
relation to pertinent atomic ionization energies for removal of one or more electrons, with the
conclusion that the chemical property of OS is generally well predicted from these
fundamental atomic properties.

Experimental Section

Caution! The 2*2Pu, ?3Am, 245Cm, 2Bk and *°Cf isotopes employed in this work are
highly radioactive and must be handled only with proper authorization and using
established radiological safety protocols.



The general experimental approach of electrospray ionization (ESI) synthesis and
collision induced dissociation (CID) fragmentation of metal nitrates to yield oxide nitrates
has been described previously.!> Unique aspects of such types of ESI and gas-phase ion
chemistry experiments employing a few micrograms of 2Bk or 2*°Cf have also been
reported.’® The following stock solutions were used here to prepare the ESI solutions: 8 mM
242Py0,(Cl04), at pH = 1; 0.67 mM 2AmO2(NOs)s at pH = 1; 0.40 uM 2°Cf and ~0.02 uM
245Cm (~5% 2*Cm relative to 2*°Cf) in 100 mM HCI; 10 mM CeBrs in water; 10 mM PrBrs
in water; 10 mM NdBrs in water; 10 mM TbCls in water; and 100 mM HNOs. The 2*°Bk was
supplied as BkCls, which was dissolved in ~80% ethanol and ~20% water to yield a 10 mM
stock solution. The final ESI solutions contained 100 uM actinide or lanthanide and 10 mM
HNOj3 in a mixture of ~80% ethanol and ~20% water. 2*°Bk beta decays with a half-life of
~320 d to nearly isobaric 2*°Cf. At the time the experiments were performed there was ~7%
249Cf progeny relative to 2Bk parent; the results for the pure Cf sample confirm that the
observations for 93%Bk/7%Cf reveal the chemistry of the dominant Bk component. 24°Cf
alpha decays with a half-life of ~351 y to 2*°Cm, which isotopes are easily resolved by mass
spectrometry. At the time the experiments were performed, there was ~5% 2°Cm progeny
relative to 2*°Cf parent; the amount of ?°Cm was sufficient for isolation and gas-phase
chemistry of both Cm and Cf nitrate complexes from this sample.

The ESI mass spectrometry experiments were performed using an Agilent 6340
quadrupole ion trap mass spectrometer (QIT/MS) with MS" CID capabilities. Additionally,
ions in the trap can undergo ion/molecule reactions for a fixed time at ~300K. The source
region of the QIT/MS is inside of a radiological-containment glove box, as described in detail
elsewhere.!® In high-resolution mode, the instrument has a detection range of 50 — 2200 m/z
and a resolution of M/AM = 3000. Mass spectra were acquired using the following
instrumental parameters: solution flow rate, 60 pl/min; nebulizer gas pressure, 12 psi;
capillary voltage and current, 4000 V, 40.283 nA; end plate voltage offset and current, -500
V, 775 nA; dry gas flow rate, 3 I/min; dry gas temperature, 325 °C; capillary exit, -300.0 V;
skimmer, -47.6 V; octopole 1 and 2 DC, -10.40 V and -1.80 V; octopole RF amplitude, 300.0
Vpp; lens 1 and 2, 15.0 V and 100.0 V; trap drive, 64.3. High-purity nitrogen gas for
nebulization and drying in the ion transfer capillary was supplied from the boil-off of a liquid
nitrogen Dewar. As has been discussed elsewhere, the background water pressure in the ion

trap is estimated as ~10° Torr;** reproducibility of hydration rates of UO2(OH)* confirmed



that the background water pressure in the trap varied by less than £5%.%° The helium buffer
gas pressure in the trap was constant at ~10* Torr.
Computational Details

The DFT computations were performed with the Gaussian09 suite of programs,*® using
the B3LYP exchange-correlation functional.}’® For the actinides the Stuttgart-Cologne
small-core pseudopotentials (ECP60MWB®) were used in conjunction with 14s13p10d8f6g
valence basis sets contracted to 10s9p5d4f3g (ECP60MWB_SEG?). For nitrogen and
oxygen the correlation consistent aug-cc-pVTZ bases?*? were applied.

The computed model structures have a net charge of 1-. The spin multiplicities have been
selected according to the number of expected unpaired electrons in the anions, i.e. gradually
increasing from 3 to 7 for Pu to Cf. In order to ensure the proper value for this parameter, test
calculations were also performed for models with the neighbouring lower and higher spin
multiplicities. The different electronic structure resulted in several cases in different spatial
symmetry. The minimum character of the obtained stationary points on the potential energy
surface was confirmed in all cases by frequency analysis.

The topological analysis of the electron density distribution was performed by means of
the AIMAII software.?? The natural atomic charges were obtained by natural bond orbital
(NBO) analysis®* utilizing the NBO6.0 code.®

The relativistic multireference calculations were performed using the code MOLCAS
8.0.2627 The complete active space self-consistent field (CASSCF) method® was used to
generate molecular orbitals and reference functions for subsequent multiconfigurational
second-order perturbation theory calculations of the dynamic correlation energy (CASPT2)%*
30 with frozen 1s for O, and up to 4f for An.

In the CASSCEF calculations, the scalar relativistic effects were taken into account using
the second-order Douglas-Kroll-Hess (DKH2) Hamiltonian.®**? The ground-state molecular
geometries were optimized at the spin-orbit-free CASPT2 level using numerical gradients.
The initial geometries in these optimizations were those obtained by the DFT calculations.
We performed also test calculations starting from structures with lower symmetry. In most
cases they confirmed the symmetries of the DFT ground states (vide infra).

All electron basis sets of atomic natural orbital type, developed for relativistic
calculations (ANO-RCC) with the Douglas-Kroll-Hess Hamiltonian®? were used for the

complexes with An = Pu - Cm. Basis sets with contraction schemes of



26s23p17d13f5g3h/9s8p6d5f2g1h®3 and 14s9p4d3f2g/4s3p2d1f3* were used for the actinides
and the main group elements (N and O), respectively, corresponding to TZP quality.

ANO-RCC basis sets are not available for the heavy actinides Bk and Cf. For these two
actinides the same relativistic small-core Stuttgart-Cologne pseudopotentials'® were used as
in the Gaussian calculations (accordingly, these CASPT2 calculations were performed
without the DKH2 Hamiltonian). For N and O Dunning's correlation consistent cc-pVTZ
basis sets?! have been used (denoted as TZ).

The active space was constructed on the basis of state-averaged test calculations using 5
roots. Based on the observed occupations® and cost considerations, the following active
spaces (electron/orbital) were applied in the calculations of the symmetric (D2n, Cav, C2)
structures: 11/13, 12/13, 13/13, 16/15 and 17/15 were used for An = Pu, Am, Cm, Bk and Cf,
respectively. The 13 active orbitals of the Pu, Am and Cm complexes included four two-
electron An=0 bonding orbitals, and seven orbitals with major An 5f contribution. The rest
were strongly mixed orbitals (including among others An 6d), for which the mentioned test
calculations indicated reasonable occupations. In the case of Bk and Cf, two additional
strongly mixed orbitals were affected by static correlation, therefore we used 15 active
orbitals in these latter active spaces.

For CASPT2 geometry optimization of C; structures of the lower oxidation state Cf and
Bk complexes, the TZ basis set proved to be too expensive. Therefore, we applied the cc-
pVDZ basis sets for N and O (denoted as DZ). For the same reason, the above large active
spaces were reduced by removing three two-electron orbitals with mainly An=0 bonding
contributions. These active spaces contained 10 and 11 electrons in 12 orbitals for the Bk and
Cf complexes, respectively. The final relative energies were obtained by subsequent single-
point energy calculations at the CASPT2/TZ level utilizing C1 symmetry for all the involved
species.

The z axis corresponds to the axis of the C> symmetry operation in the Coy structures (cf.
Scheme 1). This defines the magnetic quantum numbers of the 6d and 5f orbitals given in the
Tables.

Results and discussion

The experimental results are first presented, along with a discussion as to the rationale
for inferring that the produced AnO2(NOs).” complexes likely comprise pentavalent AnV.
The subsequent sections provide computational assessments of the ground-state pentavalent
AnVO,(NO3),” complexes, as well as the alternative higher-energy trivalent An'"' and
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tetravalent An' structures, and computational evaluations of the characteristics of the
ground-state AnVO,(NOs),” complexes. Finally, relationships between actinide reduction
potentials, ionization energies and oxidation states, particularly the pentavalent oxidation
state, are evaluated.
1. Synthesis of actinyl nitrate complexes

It was previously found that the lanthanide (Ln) complexes Ln''(NOs)s that were
produced by ESI exhibit NO2 elimination upon endothermic CID to yield LnO(NO3)3,
according to reaction 1.1 For most lanthanides, an oxidation state of Ln""" is assigned in the
produced monoxide trinitrate complexes, each with a Ln-O" radical-like single bond that is
susceptible to exothermic hydrolysis ion/molecule reaction 2 (IMR 2) to Vyield
Ln"'(OH)(NOs)s. However, for Ln = Ce, Pr, Nd and Tb—the lanthanides with the lowest,
and thus least favourable, Ln™/""" reduction potentials—the assigned oxidation state in the
LnO(NOs)s” complexes is Ln'v as substantiated by the resistance of their strong and saturated
Ln=0 double bonds to disruption by reaction 2. Reaction 1 was also found to occur for
actinides An = Pu, Am and Cm. Because the An™" reduction potentials for these An are
lower than for Pr, Nd or Th, it was surmised that the oxidation states are An'Y with An=0
double bonds, and thus correctly predicted that IMR 2 should not occur.

M"(NO3)s > MO(NOs)s + NO; M = Lnor An (1) CID/AE>0

MO(NO3)s” + H:0 > M"(OH)(NO3)s™ + OH (2) IMR/AE<0

In the present work, CID mass spectra were acquired for Ln""'(NOs)4” where Ln = Ce, Pr,
Nd and Th. As the results in Figure 1 reveal, the dominant primary products of these CID
reactions were the LnO(NOs)s™ species produced according to reaction 1, as reported
previously.’>  Under the CID conditions employed here—i.e., a nominal instrumental
fragmentation energy of 0.5 V—a distinct and reproducible peak in the CID mass spectrum
due to PrO2(NOz3),” appeared. This peak, evident in Figure 1, is due to secondary CID
reaction 3 for the particular case of M = Ln = Pr. Notably, this secondary product did not
appear in the CID spectra of other Ln(NOz3)4, specifically not for Ln = Ce, Nd or Tb (see Fig.
1). Because the only known pentavalent lanthanide is Pr(V) in PrO," and NPrO,>® the
distinctive occurrence of CID reaction 3 for M = Pr is likely due to the existence of this stable
praseodymium dioxo cation moiety in the nitrate complex, which may be represented as
(PrO2%)(NOs)2 with an overall net charge of -1. In the previous study it was mentioned that
some LnO2(NOz)>” were produced by CID of Ln(NOs)s but this observation was not
elaborated and there was no indication that Pr was distinctive in this behaviour.*2
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MO(NO3z)3 > MO2(NO3)2" + NO2 (3) CID/AE>0

The distinctive appearance of the PrO2(NOs)2” lanthanide complex that evidently reveals
the particular stability of Pr¥ motivated extending this approach to transuranium actinides to
assess stabilities of pentavalent An. Gas-phase processes such as reactions 1-3 are
particularly well-suited for experimental studies of scarce and highly radioactive actinides
such Cm, Bk and Cf, which are difficult to isolate and characterize in condensed phases. CID
mass spectra of An'''(NO3)s” for An = Pu, Am, Cm, Bk and Cf are shown in Fig. 2. The CID
conditions were the same for these five An'""(NOs)s™ and for the four Ln'"'(NO3)s for which
results are shown in Fig. 1 (Ln = Ce, Pr, Nd, Tb). As reported previously for An = Pu, Am
and Cm,*? and also now found here for An = Bk and Cf, primary CID reaction 1 yields
ANnO(NO3)3", which are formally (AnO?*)(NOs)s. The oxidation state in the AnO?* moieties
was previously assigned as An(IV) for Pu, Am and Cm.'? Given that the (estimated) I\V/IlI
reduction potentials for Bk (1.7 V) and Cf (3.2 V),” are lower than that for Nd (4.6 V)° that is
considered to have oxidation state Nd" in NdO(NOs)s 2 it is inferred that the oxidation
states in the (AnO?")(NOs)s complexes are similarly Bk'Y and Cf'V as is substantiated by
their resistance to hydrolysis during the CID experiments to yield An'""(OH)(NO3)3".*2

A particularly notable result in Figure 2 is the appearance of AnO2(NO3),” for each of the
studied actinides, An = Pu, Am, Cm, Bk and Cf. Comparison of these results with those for
Pr and other Ln shown in Figure 1—along with the knowledge that the oxidation state is
Pr(V) in bare PrO;" and also presumably in the PrO;" core of PrO2(NOs)—suggests
pentavalent actinides in the dioxo dinitrate anion product complexes. The actinyl(V) cations
PuO2*" and AmO," are stable in solution and solid complexes.®® In accord with the well-
established stabilities of these two actinyl moieties, the CID yields of PuO2(NOz),” and
AmO2(NO3), are particularly high. Although the CID abundances of AnO2(NOz3).” for An =
Cm, Bk and Cf were relatively minor—similar to the yield of PrO2(NO3)2" under comparable
conditions—these products were consistently and reproducibly observed. The computational
results presented below affirm the inference that the five synthesized AnO2(NOz)>" comprise
actinyl(V) cores.

2. Spatial and electronic structure

The potential energy surface of the AnO2(NOz3).” complexes was probed by DFT
calculations in order to find the probable structures and most stable spin multiplicities, which

were studied subsequently by the more expensive CASPT2 calculations. For the DFT



calculations the B3LYP exchange-correlation functional in conjunction with polarized triple-
zeta valence basis set was selected, which level provided recently very good results for

actinyl derivatives®’ and also generally for actinide compounds.3®

The composition of the AnO2(NO3)." complexes implies symmetric (D2n, C2v) molecular
geometries. In order to explore the flat potential energy surfaces of the title compounds, we
probed several less symmetric initial structures for the geometry optimization in the DFT and
in some CASPT?2 calculations.

The found ground electronic states from the B3LYP calculations are listed in Table 1.
Beyond the ground-state spin multiplicities the most stable states of the neighbouring spin

multiplicities are also given.

Table 1. The most stable states of the probed spin multiplicities of AnO2(NOz)2” complexes
from B3LYP calculations.?

An Spin Symmetry Irrep AE
Pu 2 D2n n.a. 74.7
4 Don By 0.0
6 Cov B 244.6
Am 3 Dan® A 95.2
5 D2n Ayg 0.0
7 Cov B1 177.1
Cm 4 Con By 129.3
6 Cov A1 0.0
8 Cs A" 86.4
Bk 5 D2n n.a. 124.0
7 C2v BZ 0.0
9 C1 A 213.6
Cf 6 Cov A 0.0
8 C A 81.0
10 C1 A 375.8

4Spin means the spin multiplicity; Symmetry means the spatial symmetry of the optimized
structure; Irrep means the irreducible representation of the given states. The computed
relative energies (kJ/mol) refer to the ground electronic states.
bWhile the optimized structure has D2n symmetry, the symmetry of the electronic state
suffered from a break to Co.

As shown by the large energy differences in Table 1, the ground-states multiplicities are
straightforward for all five actinides covered in the present study. Noteworthy is the high
symmetry of these ground-state structures: Do, for Pu and Am, while Cay for Cm, Bk and Cf.

The spin multiplicities of the ground states increase gradually from Pu (4) to Bk (7), while a



turning point seems to appear at Cf (6). According to the analysis of the electronic and

molecular structures (vide infra), all these ground states correspond to pentavalent An.

Table 2. Electronic structures of the ground states of AnVO2(NOs)2” complexes from
CASPT2 calculations.?

An Spin  Symmetry Irrep  Config Population

Pu 4 D2n By 91% 5f1+, 5f1., 5fs-
Am 5 D2n Ay 88% 5fo, 5f1+, 5f1-, 5f2-
5 Cov A1 87% 5fo, 5f1+, 5f1-, 5fo-
Cm 6 Cov A1 85% 5fo, 5f1+, 5f1-, 52+, 5fo-
Bk 7 Cov B- 84% 5fo, 5f1+, 5f1-, 5f2+, 5fo-, 5fa.
Cf 6 Cov Az 85% 5fo, 5f1-, 5f2., 5f2+, 5fs.

Spin means the spin multiplicity; Symmetry means the spatial symmetry of the optimized
structure; Irrep means the irreducible representation of the given states; Config means the
contribution of the main configuration state function in %.

Table 2 compiles the most important electronic characteristics of the ground states from
CASPT2 calculations. These multireference calculations confirmed the ground-state spin
multiplicities from DFT, and in most cases the symmetries of the ground-state structures too.
The only exception was the AmYO2(NOs)2” complex, for which DFT predicted a D2zn global
minimum structure, while the CASPT2 calculations converged to a Coy one. The two
structures have the same electron configuration (Ag and A irreps in D2y and Coav, respectively,
cf. Table 2) On the CASPT2 potential energy surface the Dzn structure (saddle-point) is only
slightly (0.9 kJ/mol) higher in energy than the Cy minimum. In the view of the accuracy of
these calculations, this very small energy difference may not be relevant.

Another important information from Table 2 is the generally high contribution (over
84%) of the main configuration state function to the wavefunction. In these cases, the system
can efficiently be estimated by density functional theory as shown by the present good
performance of the used B3LYP level. The population of the 5f orbitals shows a systematic
pattern in the AnYO2(NOs); complexes based on the 5fi+, 5fi, 5f. populations in
Pu¥0O2(NOz3)2". This pattern is extended by the population of 5fp in AmVO2(NOs)2", then by
5f,+ in CmVO2(NOs)2” and by the 5fs. orbitals in the complexes of the late actinides. In the
sextet CfYO2(NOs)2, the singly-populated 5f orbitals lack 5fi+, which in this molecule is a
doubly occupied non-bonding orbital.

3. Tri- and tetravalent An derivatives

During the search for the AnVO2(NOs)2” (An = Bk, Cf) ground states from Ci initial

structures we located the most probable structures for these An'Y and An'' derivatives by

10



B3LYP/TZ and CASPT2/DZ geometry optimizations. The frequency calculations at the
B3LYP level confirmed the minimum character of the presented structures on the respective
potential energy surfaces. We discuss the Cf'V and Cf!"" species in detail, their structures
depicted in two perspectives in Figure 3. All the geometry parameters together with those of
related structures of the Bk'Y and Bk'!" species are given in SI.

The structure of octet Cf'VO2(NO3), is close to C2 symmetry, but it has a characteristic
difference in the two Cf-Oyi (yl = 1, 1', cf. Scheme 1) bond distances: the one with 1.806 A
corresponds to a Cf=0 double bond, while the other bond with a length of 2.145 A is in
agreement with a single Cf-O bond (CASPT2/DZ data, cf. Figure 3 top). This bonding
scenario justifies the oxidation state IV for Cf in this species and C; symmetry for the
structure. We note that a very similar octet Cf¥O,(NOs).™ structure but with equivalent Cf-Oy
double bonds (in this way achieving C. symmetry) was also found by our CASPT2
calculations and the minimum character confirmed by B3LYP frequencies. It lies higher in
energy by ca. 80 kJ/mol than the sextet CfYO2(NOs).” ground state (cf. Table 1).

The CASPT2/DZ geometry optimization predicted for Cf"O,(NOs).™ a structure with Cay
symmetry (Figure 3 bottom). The main structural feature is the peroxide 02> group replacing
the two Oyi oxygens of the higher oxidation-state forms. The O-O bond distance of 1.575 A
and the Cf-Operoxi distances of 2.071 A (corresponding to single Cf-O bonds) confirm the
trivalent state of Cf in this molecule. We note that the Cf...NOs" distances are in good
agreement with those in the CfYO2(NOs),” and CfVO2(NOs),™ structures suggesting that the
character of the Cf...NOz3" interaction is not substantially changed by the variation of the Cf
oxidation state.

Table 3. Compilation of the found AnO2(NO3)2" complexes with tri- and tetravalent Cf and
Bk.2

An Spin  Symmetry AE(B3LYP) AE(CASPT2)"
cfv 8 Ci 80.1 96.4
cfl! 6 Ca/Caf 335 134.1
Bk'V 7 Ci 81.5 416.2
BK'" 7 Ci 79.1 2415
BKk'" 5 C1 240.4 571.8

4Spin means the spin multiplicity; Symmetry means the spatial symmetry of the optimized
structure; The computed relative energies (kJ/mol) refer to the pentavalent ground electronic
states.

bSingle-point CASPT2/TZ energies with respect to AnVO2(NOs),” forms calculated on the
CASPT2/DZ geometries.

“The B3LYP/TZ geometry optimization resulted in a C1 (though close to Cay) structure.
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The relative energies with respect to AnVO2(NOs),” (An = Cf, BK) are shown in Table 3.
The stabilities of the CfV/CFV/Cf!"' and BkY/Bk'V/Bk"' oxidation states are important for
understanding the results of our gas-phase experiments. Both the CASPT2 and B3LYP
calculations predicted a considerable relative stability of the CfV and Bk" states with respect
to the lower-valent ones (the B3LYP level generally underestimating the relative energies
compared to CASPT2). Hence our theoretical data confirm the assignment of the small peaks
observed in the mass spectra of CfO2(NO3).” and BkO2(NOs3).™ to the pentavalent forms. For
these two actinides the low-oxidation state complexes of Cf are closer in energy to
CfY0,(NOs3), than those of Bk to BKVO2(NOs)".

4. Characteristics of the AnVO2(NQOgz)2” ground states

The quantum chemical calculations uncovered some additional interesting features of the
molecular properties of the title complexes. The CASPT2 geometry data of the AnVO2(NO3),
ground states compiled in Table 4 reflect how the characteristic geometrical properties vary
with the increasing atomic number of An. (The B3LYP geometry data are in Sl). The
compilation of the ground states (and the following comparison) is extended to the lowest
energy octet CfYO2(NOs), structure, which is not the ground state, because it fits the trend of
increasing spin multiplicities.

The variation of geometry is best reflected by the O1-An-Or and N-An-N angles
decreasing from the value of 180.0° present in the D2y Pu complex. The considerably smaller
deformation of the O:-An-Oz angle is consistent with the rigid character of the delocalized =
bonding in the actinyl moiety in contrast to the more flexible ligands. The decreasing trend is
going on gradually from Pu to octet Cf, though the changes between Bk and Cf are enhanced
due to the change of symmetry from Cay to Cz. We note that in spite of the considerably bent
01-Cf-O1 angle (110.5°) the multiple bond character of the Cf-Oy bonds did not change as
indicated by the short Cf-Oy bond distances. The sextet CfO2(NO3).” shows small differences
compared to BkO2(NOgz)2™ due to the same Czy symmetry of the two molecules. The only
striking change is the increased O:-An-Oy1 angle for sextet CfO2(NOs).™ relative to septet
BkO2(NO3),".

The An-O,/O> distances (the average values in the case of Cyy are 2.495, 2.466, 2.422,
and 2.402 A for Am, Cm, Bk and Cf, respectively) show a consistent decrease from Am to
sextet Cf. This implies strengthening bonding interactions between An and NOs™ in this range

of the actinide row. Interestingly, the strengthening bonding correlates with the bend of the
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two NOz™ ligands around An, the latter feature shown by the decrease of the N-An-N angle
(cf. Table 4).

Table 4. Geometrical parameters® of the AnVO,(NO3). complexes computed at the CASPT2
level.

Parameters Pu Am Cm Bk Cf Cf

Symmetry D2n Cov Cov Cov Cov C

Spin 4 5 6 7 6 8

An-0O1 1.779 1.775 1.809 1.818 1.795 1.815
01-An-Oy 180.0 178.5 174.8 164.8 169.1 110.5
An-O3 2.487 2.483 2.453 2.385 2.376 2.374
An-Oy 2.487 2.506 2.478 2.458 2.428 2.495
N-An-N 180.0 153.0 148.7 136.6 135.0 109.2
02-An-0; 128.4 1015 96.6 83.5 81.5 148.4
N-O2 1.272 1.272 1.273 1.278 1.274 1.284
N-O2 1.272 1.272 1.273 1.269 1.272 1.266
N-O3 1.225 1.227 1.225 1.219 1.220 1.218
02-N-O2 116.7 117.0 116.8 116.3 116.4 116.1
02-N-O3 121.7 1215 121.6 122.2 121.9 121.2
02-N-N-O3 0.0 0.0 0.0 0.0 0.0 -73.9

4Bond distances are given in angstroms, bond angles in degrees. For the notation of atoms see
Scheme 1.

The bonding between An and NOgz consists of a mixture of electrostatic and orbital
interactions. Due to the considerable positive charge of An and the negative charge of the
nitrate oxygens, the electrostatic attraction is very strong between the two moieties. The most
favourable electrostatic interaction can be expected in the Don arrangement, where the NO3
ligands lie at the opposite sides of An. When the N-An-N angle is bent from this linear
arrangement, repulsion can appear between the negatively charged nitrate oxygens, which
approach one another upon bending. Therefore, the bent relative orientation of the NOz
ligands in the heavier An derivatives (the D2n symmetry lowered to Cpy) is not favourable
from the point of view of ionic bonding. Then, what can be the reason for the observed
symmetry lowering?

We considered the possibility that the electron density distribution around the
pentavalent An in AnO2" is deformed and a local electron density concentration in the
horizontal plane of AnO." enforces a bending of the NOs™ ligands, like lone pairs do in main
group compounds. This hypothesis, however, can be dismissed based upon the available
information on the structure of AnO>" ions. According to our present knowledge, based on

multireference calculations on the light actinides An = Th — Cm, the ground state structure of
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AnO." ions is linear.®¥3° A local charge concentration in the horizontal plane would bend the
0O-An-0 angle in these ions.

The exclusion of an electrostatic origin of bending is further supported by the electron
density map of the Cyy structure of CmYO2(NOs),” depicted in Figure 4. It demonstrates
charge concentration on the oxygens (yellow), near neutral character of the nitrogens (green)
while charge depletion around Cm. The maximum of charge depletion appears on the top
(dark blue), which spatial region is left free after the downward bend of the NO3™ ligands.
Hence, there is no substantial electron density in this region, which would repulse the
negatively charged nitrate oxygens and thus would force a bend.

Hence, after excluding the electrostatic origin of the C,y structures, orbital (covalent)
interactions remain as the likely reason. In such complexes these interactions are mainly
manifested in the charge donation from nitrate oxygens to empty valence orbitals of the
actinide. Most An 6d and 5f acceptor orbitals (and their hybrids) prefer non-linear
arrangements for orbital interactions.

In order to understand the nature of orbital interactions in the AnVO2(NOs),” complexes,
we performed a comparative analysis of the molecular orbitals in the D2n and Cay structures.
The most characteristic orbitals of PuYO2(NOs),” (D2n) and BkVO2(NOs)2 (Czv) from
CASPT2 calculations are depicted in Figures 5 and 6, respectively.

The selected orbitals include the ¢ and = bonds of the AnO2 moieties and a few
molecular orbitals containing the interaction of An with the NO3™ ligands. The latter donor-
acceptor interactions are manifested in two w type interactions in the Do structure of
Pu¥02(NOs),". Both molecular orbitals have Pu 6d contributions. We note that mixing of 6d
and 5f in these structures is not possible, because they belong to different irreducible
representations of the D2n point group.

In the Cyy structure of BkVO2(NOs),™ four orbitals can be distinguished representing
donor-acceptor interactions. All four interactions are of o type operating within the plane of
the nitrate ligands. In the first of these orbitals Bk interacts with four oxygens from the two
nitrate ligands. In the three other orbitals the interaction is limited to one oxygen from each
nitrate ligand. Because in the Cyy point group a mixing of 6d and 5f An orbitals (those which
belong to the same irreducible representation) is possible, they can form 6d/5f hybrids. The
hybrid formation facilitates a larger flexibility of the acceptor orbitals in the donor-acceptor

interaction from both energetic and steric points of view.
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Covalent bonding is an important issue in the chemistry of actinides. The possibility of
separating minor actinides from lanthanides in spent nuclear fuel by appropriate heterocyclic
organic ligands is attributed to the more covalent nature of actinide - ligand interactions with
respect to the lanthanide - ligand ones. Numerous theoretical studies have been performed
with the main goal of clarifying the electronic basis of the separation (see e.g. Refs. 40-5%),
Less attention has been paid to the variation of covalency along the actinide row. Moreover,
the different computed electronic parameters have led to controversial conclusions.

The early studies employed traditional tools of quantum chemistry such as charge and
population analysis. Increasing covalency in solid AnO> towards the center of the 5f row was
predicted by Prodan et al.>* on the basis of spin densities (difference between alpha and beta
electron densities) on the formally An'Y centers. The found increase of 5f spin density
originates from a charge transfer from the oxygens, and as such, was assigned to covalent
interactions.

For actinide complexes of the type An[N(EPR2)2]s (An = U-Cm; E=0, S, Se, Te; R =
H, i-Pr, Ph), Kaltsoyannis et al. found also an increasing trend up to Am, with the largest 5f
contribution in the metal-ligand bonding orbitals occurring in the Am complexes. However,
instead of concluding on the highest covalency in the Am system, the authors attributed the
large 5f contribution to an accidental energy match of the metal and ligand orbital energy
levels.

This hypothesis was further elaborated in subsequent studies on AnCpz and AnCps (Cp =
n°-CsHs) complexes across the 5f row from Th to Cm®>>’ by a joint analysis of the atomic
charges, 5f spin densities, molecular orbitals and the electron and energy densities of the
bond critical points (BCP, see atoms-in-molecules theory, AIM®%%). It was shown that the
stabilization of the 5f orbitals across the actinide row results in an increased 5f population by
charge transfer from the ligand to the An 5f orbitals, reaching the maximum at Am. This
trend, however, does not appear in the density properties between the interacting atoms. From
the point of view of orbital interactions the space between the bonding atoms is important.
Here density properties can deviate from those localized on the atoms. The studies showed
that the electron and energy densities at the BCPs decrease gradually from U to Cm,
suggesting a decreasing covalency in the same direction. The same conclusion was drawn on
the multiple AnN bond in terminal actinide nitride complexes, with the covalent character
decreasing from An = U to Pu.%’ In contrast, in AnO2(H20)" and AnO(OH)," cations the

opposite trend, increasing from An = Pa to Pu, was suggested for the covalency of the An
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oxygen bonds.5! Such topological analysis has also been applied to other actinide compounds
like actinocenes,®?® uranyl complexes,®% and additional lanthanide and actinide
compounds.>2 67-10

Of the various theoretical approaches only the AIM model can characterise quantitatively
the space between the bonding atoms. Therefore we performed a topological analysis of the
electron density distribution of the AnVO2(NOs)2” complexes in order to see how the density
properties of the An-O bonds vary along the 5f row. We were particularly interested in the
parameters of An — nitrate interactions, as they may provide a clue on the increasing bend
along the actinide row. A graphical representation of the bonding paths, bond and ring critical
points of AmYO2(NOs)." is shown in Figure 7.

Table 5. Selected computed results on the electron density distribution of AnVO2(NOs)2"
complexes and the dissociation energies.

Parameters? Pu Am Cm Bk 5Cf 8cf
p(An-01) 0.298 0.291 0.262 0.257 0.258 0.196
0(An-0,) 0.046 0044 0047  0.053 0.054 0.053
p(An-02) 0.046 0044 0044  0.046 0.046 0.047
H(r)(An-0,) -0.254 -0.234 -0.185 -0.173 -0.177 -0.109
H(r)(An-0>) -0.0016 -0.0018 -0.0025 -0.0045 -0.0052 -0.0030
H(r)(An-O2) -0.0016 -0.0018 -0.0017 -0.0019 -0.0024 -0.0049
5(An,01) 1.92 1.93 1.78 1.67 1.66 1.61
5(An,0») 0.26 0.24 0.26 0.29 0.29 0.27
3(An,02) 0.26 0.24 0.24 0.24 0.24 0.29
e(An) +1.57 +1.60 +1.74 +1.90 +1.89 +2.02
e(Oy) -0.54 -0.52 -0.59 -0.68 -0.67 -0.75
e(02) -0.52 -0.54 -0.54 -0.54 -0.53 -0.55
e(02) -0.52 -0.54 -0.54 -0.54 -0.54 -0.53
De 935.9 900.6 932.0 981.8 976.3 895.2P

#Computed at the B3LYP level. Electron density (p, a.u.) at the bond critical point (BCP) on
the bond path between the indicated atoms; total electronic energy density [H(r), a.u.];
delocalization index, [3(An,0), a.u.], atomic charges (e, a.u.) determined by Natural Bond
Orbital analysis. The dissociation energy (De, kJ/mol) refers to the AnVO2(NOs),” = AnO,* +
2NOs" reaction. The number in the upper left corner of Cf means the spin multiplicity.

bThe dissociation energy to octet CfO2* is 1149.9 k/mol.

Selected results of the topological analysis are given in Table 5. They include the
electron density, p(r), and the total electronic energy density, H(r), at the An-O BCPs as well
as the delocalization index, 8(An,O). The electron density at the BCP gives information on
the magnitude of orbital overlap between the two atoms. Negative values of H(r) at the BCP
mean significant electron sharing in the bonding, the magnitude being related to the

covalence of the bonding. The delocalization index quantifies the average number of
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electrons shared between two atoms, and as such can be considered as a quantitative measure
of covalency.

Let's inspect first the actinyl (O:-An-O1) bonds. The data in Table 5 indicate strong
covalent contribution in these bonds: the values of p are generally greater than 0.2°° and H(r)
is in all the cases negative.”* The decreasing magnitude of both parameters are in agreement
with most previous conclusions on actinyl bonds, that the covalency decreases across the 5f
series.”? At the same time, the increasing ionic character in this direction is reflected in the
increasing magnitudes of the NBO charges of An and O1/O1..

The An - NOgz™ interaction is described by the BCPs between An and the two close-lying
nitrate oxygens found in all the studied complexes. The small values of the BCP parameters
listed in Table 5 confirm the weak character of An - ligand orbital interactions and that this
bonding is mainly of ionic nature. We can observe a slight decrease in the electron density
between Pu and Am, but from Am an increase can be clearly identified, particularly in the
An-O2 bond being shorter than An-O2. The above characteristics of the electron densities are
supported by the H(r) data, their magnitudes increasing consistently from Am to Cf.

The most representative quantitative information on the covalent bonding is given by the
delocalization index, 8(An,O). This parameter between N and O of a nitrate ligand is around
1.4 e in good agreement with the known bonding scenario of NOs: it consists of one o orbital
for each N-O bond and a doubly occupied bonding = orbital delocalized over the NOs
skeleton (the other four m valence electrons occupy non-bonding 7 orbitals). The actinyl
AnO1/O¢ bonds are characterized by 6(An,O) values around 1.8 electron in good accordance
with the strong covalent character of the actinyl bonds. The much weaker An — NO3
interactions have o(An,0) values between 0.24-0.29 increasing from Am to Bk = Cf,
providing additional evidence for increasing covalency upon traversing this part of the
actinide series.

Table 5 includes also the dissociation energies for the reaction AnVO2(NOs)2” = AnO* +
2NO3z. The Am complex has the smallest dissociation energy and it increases gradually
towards Bk. This trend being parallel with the BCP parameters suggests that the covalent
interactions have a major role in determining the stability trend of the AnYO2(NOs)y
complexes. At the same time they explain the change of equilibrium structure from D2n to Cay

in the section of the An row covered in the present study.
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The increase of the dissociation energy of AnVO2(NOs);” across the An row is in
agreement with observations that in solutions of An complexes, that of Cf showed larger
binding constants than anticipated.”® The feature was explained by the smaller size of the Cf
ion relative to the lighter actinides, exerting a larger polarization on the electron density of
the ligands. The larger polarization facilitates a larger charge transfer, i.e. stronger donor-
acceptor interactions.

We note that CfYO2(NO3),™ has slightly smaller dissociation energy than BkYVO2(NOs)2".
This correlates well with the nearly identical values of the BCP parameters of these two
complexes. It implies that the above discussed trends may not continue across the whole
actinide row.

5. Relationships between oxidation states, reduction potentials, and ionization energies

Stabilities of oxidation states are indicated by standard reduction potentials that refer to
aqueous solution but also have been found to effectively predict the existence of stable
oxidation states in solids and gas-phase complexes.”*” The relationship between atomic
properties and reduction potentials is illustrated by the I\V/III reduction potential of metal
ions, Eo[M*/M3"], which is the free energy for association of M*" with an electron in
aqueous solution, reaction 4 (where F is the Faraday constant). The electron affinity of a
metal ion, EA[M#*], is also the energy for electron attachment but in this case for the free
metal ion in vacuum rather than in solution. This EA can alternatively be expressed as the
more commonly measured ionization energy according to reaction 5 where we employ the
definition IE[M3'] = EA[M*]. The relationship between Eo[M*/M?3*] and the gas-phase
properties is given by equation 6 where AAGsolv is the difference between solvation energies,
AAGsoly = AGso[M3*(aq)] - AGson[M**(a0)], and Erer is the reference electrode potential.”®

M*(aq) + e > M3 (aq) (4) Eo[M*IM*]=-AGY/F
M*(g) +e > M3 (qg) (5) -AE = EA[M*] = IE[M*']
Eo[M**/M3*] = IE[M3*] - AAGsolv — Eref (6)

The plot of Eo[An*/An®*"] versus IE[An®'] in Fig. 8 for the actinides from Th through Cf
exhibits a good correlation, except for An = U where Eo[U*"/U3'] is well established but the
assigned value of IE[U%] is apparently significantly too high. Instead of the anomalously
high literature value for IE[U3'] = 36.7 eV (diamond in Fig. 8), we adopt an estimate of
IE[U3*] = 32.8 eV (encircled diamond in Fig. 8) to provide good inclusion of this point in the
overall correlation. The linear correlation in Fig. 8 with a slope greater than unity (i.e. 1.276)
indicates that the increase in Eo[An**/An3'] is diminished relative to that of E[An®"]. This
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suggests that AGson[An*] becomes less favorable relative to AGsow[An**]—i.e., AAGsoly
becomes increasingly positive—with increasing actinide atomic number. This trend is
presumably a manifestation of the actinide contraction and indicates enhanced solvation free
energy for An*" versus An®*" with decreasing ionic radii.

The tetravalent oxidation state has been reported for the actinides from Th through Cf.%
The relatively high Eo[Es**/Es®*] shown in Fig. 8 reveals the lower stability of Es(IV), an
oxidation state that has not been definitively identified.”” However, the estimated
Eo[Es*/Es**] (4.5 V) is comparable to the corresponding reduction potentials for Nd** (4.6
V) and Dy** (5.0 V),® elements for which tetravalent oxidation state complexes are known;®
it is thus likely that tetravalent Es should be similarly isolable. The IE[An3*] continue to
increase beyond Es,” with a predicted concomitant increase in Eo[An**/An*] and decreasing
stability of the tetravalent oxidation states for the later An.

The above evaluation for IE[An®*] and Eo[An**/An®'] illustrates that there is generally a
reliable correlation between gas-phase atomic ionization energies and condensed phase
reduction potentials such that relative stabilities of oxidation states can be predicted, even
though there may not be a corresponding quantitative variation in voltages for the two
quantities—i.e., the slope may not be unity. The results in Figure 8 clearly and accurately
predict from the relative values of IE[An®'] that the An"""" reduction potentials should
become more positive—i.e. reduction from An'" to An'"" becomes more favourable—upon
traversing the actinide series from Th, where the Th' oxidation state is very stable, to Es,
where the Es'V oxidation state is not yet established. The demonstrated reliability of
correlations such as this allows confident revision of IE[U%*] to provide consistency with the
value of Eo[U*/U* that is well established. It is somewhat surprising that the previously
assigned fourth ionization energy of the relatively common and well-studied actinide
uranium, 36.7 eV, should evidently be in such substantial error relative to the revised
estimate here of 32.8 eV. The value assigned in ref.” is from the ref.8% where the following
three values are cited: 36.7+1.0 eV;8! 31.1 eV;® and 30.3 eV.%® We conclude that the
uncertainty assigned to the IE[U3*] of 36.7 eV, which was previously selected as the best
value,®® is actually significantly greater than +1.0 eV, and that the actual IE[U3'] is closer
to the reported lower value of 31.1 eV.%2

For the nitrate complexes of particular interest here, reduction of pentavalent
[0=AnV=0]", including in AnO2(NOs),", can occur by the following modifications to the
actinyl(V) moiety: (i) reduction to An** concomitant with cleavage of the two An=0 bonds;
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(ii) reduction to [O=An'V-O]* with formally a double and a single actinide-oxo bond (or
two intermediate-order bonds); or (iii) reduction to a [An'"'-(02)]* peroxide with two single
An-O bonds. In contrast to An™""" reduction discussed above, conventional reduction of AnY
to An"Y by process (i) does not correspond to simple charge reduction. For comparative
purposes between actinides, the AnY"" reduction can be represented by reaction 7 in which
the actinyl An=0 bonds are cleaved during reduction. Formation of atomic oxygen as
products in reaction 7 is arbitrary but does not affect relative reaction energetics for different
actinides. Reaction 7 can be thermodynamically decomposed into bond cleavage reaction 8

and ionization reaction 9.

AnO;t = An* + 20 + 3¢ (7)
AnO2" > An*+20 (8) D[OAN*-0] + D[An*-0]
An* > An* + 3¢ (9) 1IE[AN*] + IE[An*] + IE[ANn*']

The energies for reactions 8 and 9 for the actinides from Th through Cm are plotted in Figure
9. The aggregate bond dissociation energy for AnO>", reaction 8, increases from ThO," to
PaO_", after which it monotonically decreases to CmO:" (Fig. 9a).8* The second component,
the sum of the 2", 3" and 4" IEs for reaction 9, increases from Th* to Am*/Cm* (Fig. 9b).”
The net result is that the energy for reaction 7 increases substantially from ThO,* to PaO>" to
UO_", after which it remains nearly constant, to within 1 eV, to CmO;* (Fig. 9¢c). From the
energies for reaction 7 it is predicted that the actinyl(V) ions from UO;" to CmO:" should
exhibit similar stabilities towards dissociative reduction to An**. This assessment does not
consider viability of synthesis of these AnO>*, or their potentially more facile alternative
decomposition pathways such as by hydrolysis. The trend in stabilities of the AnVO," is
accurately predicted, including for example that ThO2" should be relatively unstable, which is
largely a result of the high stability of Th*" as is manifested by the low sum of ionization
energies for Th* as plotted in Fig. 9b.

The intrinsic intramolecular rearrangement (not dissociative) actinyl(V) reductions
assessed here computationally for the actinyl nitrates, and previously considered for bare
actinyls,'® are for processes (ii) and (iii) described above, which respectively correspond to
(i) reduction to An'" by conversion of a double oxo-bond to a single oxo-bond, and (iii)
reduction to An'" by conversion to two single bonds in a peroxide. lonization energies for
[An®*>An**] (4" IE; the value employed for IE[U%'] is the corrected value derived here as
discussed above), [An**>An®] (5" IE), and [An®*>An%*] (sum of 4" IE + 5™ IE) are shown
in Fig. 10. The 4™ IEs exhibit an increase across the series, except for the incongruous
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decrease from Cm®* to Bk®" that is a manifestation of the particular stability of the 5f” half-
filled shell of Bk**, an effect that also sustains the relatively prevalent Bk'Y oxidation state.®

The actinide 5" IEs (i.e., EA[An®]) provide an evaluation of the inherent propensity for
the An®" to reduce to An*". This process was computationally assessed here for BkO2(NOs)2"
and CfO2(NOs). (see Table 3), with the result that for both Bk and Cf the conversion of
An(V) to An(IV) is substantially endothermic. From the 5" ionization energies, 56.0+1.9 eV
for Bk* and 51.9+1.9 eV for Cf**,” it is predicted that the stability of BK" relative to Bk'”
should be lower than that of CfV relative to Cf!V. Although the particularly stable 5f’
configuration of Bk** likely does result in IE[Bk**] > IE[Cf*'], the large uncertainties in these
ionization energies precludes quantitative comparisons of the relative stabilities of the BKY
and CfV oxidation states based on the available IEs alone.

In previous work, the relative stabilities of An¥VO," and An'VO,* were assessed for all An
from Pa to Lr.1® Only for the case of NoO," was the AnV/V reduction (ii) found to be
exothermic and thus spontaneous. It is from this result that the approximate stability limit in
Fig. 10b is assigned. Although reduction of ThVO,* to Th'VO,* was not evaluated, IE[Th*']
corresponds to removal of an electron from the radon electronic core and should thus be
sufficiently energetically demanding that the corresponding ThY/"V reduction is favorable, as
suggested by placement of the estimated stability limit below Th®* in Fig. 10b. A notable
feature of the values plotted in Fig. 10b is that the assigned IE[No**] (60.0+1.9 eV) is higher
than IE[Th*] (58.0+1.9 eV). Although an elevated IE[No*"] is expected because this
ionization corresponds to removal of two electrons from the closed-shell 5f'4 configuration of
No?*, it would be remarkable if this process was more energetically demanding than
ionization of the radon core of Th*". The seemingly anomalous phenomenon of IE[No*'] >
IE[Th**] could result from the expected general increase in ionization energy as atomic
number increases, with the result being a substantial increase across the actinide series from
IE[Pa**] to IE[Lr**], and possibly even a small increase from IE[Th**] to IE[No*"]. However,
the large uncertainties in these ionization energies indicate that this relative order is not fully
established, and that it is feasible that IE[Th**] may actually be slightly higher than IE[No*'].
A key point is that tetravalent No'VO,*, and presumably also Th'VO,*, are more stable than
the hypothetical pentavalent species nobelyl(V) and thoryl(V).

From the results in Table 3 it is evident that both Bk''O2(NO3),  and Cf'""O2(NO3), are
higher in energy than the corresponding AnVO,(NOs),. The previous assessment of bare
dioxides similarly revealed the ground-state structures as BkVO,* and CfVO2*.1° Among the
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other AnO2*, for An = Pa to Es the ground state is actinyl(V) except for Cm"'O,*, which is
~60 kJ/mol lower in energy than CmVO,"1° In contrast to bare Cm'"'O," the identified
ground state here is not Cm"'02(NOs)2 but rather CmYO2(NOs),. This disparity suggests
that the energies of Cm'"'O,* and CmVO,* are sufficiently similar that the relative energy
ordering can be altered by the coordination environment, and specifically that coordinating

" via electron donation to the

nitrate anions can significantly stabilize CmV relative to Cm
curium center. A result of the particularly high 1E[Lr**] due to its 5f* closed shell is an
oxidation state of Lr""" in both the peroxide and “lawrencyl(Ill)” dioxide structures of LrO>".
Another feature of the series of AnO>" is ground state divalent superoxides for An = Fm, Md
and No, which have the highest IE[An?*] and are consequently specifically the actinides with
stable divalent oxidation states.’

The evaluation here shows accord between stabilities of actinide oxidation states and the
fundamental atomic property of ionization energy, which is known to correlate well with
condensed phase reduction potentials, as is illustrated in Fig. 8. Of particular relevance here
is the demonstration that An?*-to-An%*, An*-to-An*" and An**-to-An®" ionization energies
can be employed to predict the stabilities of different oxidation states of bare and anion-
coordinated AnOz*. Oxidation states An', An""', An'Y and AnV in AnO,* can result from
altering the actinide-oxygen bonding to yield various combinations of An-O single, An=0
double, and intermediate An--O bond orders, and from the absence or inclusion of direct
oxygen-oxygen bonding. The predicted stable actinide oxidation state thus also predicts the
nature of bonding and the structures of actinide dioxo cations. Although trends are similar
for bare AnO2" and the corresponding anion complexes AnO2(NQs)2", the general expectation
that coordination by anions should stabilize the higher AnY oxidation state is illustrated by
the case of the ground-state CmVO2(NOs),™ nitrate complex contrasting with bare Cm'"'O,*.
Conclusions

Comparison of experimental results for lanthanide and actinide oxide nitrate anion
complexes suggested the AnY oxidation state as coordinated actinyl(V) moieties embedded in
AnO2(NOz3),” for An = Pu, Am, Cm, Bk and Cf. The stability of oxidation state V in these
AnO2(NOz3).” complexes has been confirmed by quantum chemical calculations. The relative
stability of this oxidation state is particularly notable for Cf and Bk complexes, therefore the
An'VO,(NOs), and An''O,(NOs),” forms have been explored and their lower stabilities with
respect to Cf¥ and BkY have been supported by both CASPT2 and DFT calculations.
Whereas pentavalent Cf was expected to be stable due to a half-filled 5f” configuration, the
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computations show that this configuration for CfYO2(NOs),™ is not octet with all seven 5f
electrons spin-unpaired, but rather sextet with two of the 5f electrons spin-paired in a 5fi+
orbital.

The AnO2(NOz)2” complexes show interesting bonding features. While in the actinyl
moiety the ionic character of bonding increases from Pu to Cf (in agreement with experience
on several other actinide systems), in the An — NOs interaction an opposite trend has been
observed here. The increasing ionicity in the AnO. moiety results in charge depletion around
An making it more suitable as acceptor for charge transfer from the nitrate oxygens. The
increasing covalent character from Pu to Bk ~ Cf may be an important factor for the trend
observed in the molecular geometries, i.e. a gradual bend of the NO3" ligands (described by
the N-An-N angle) around An.

It is demonstrated that relevant ionization energies provide generally reliable assessments
and predictions of the stabilities of both high and low oxidation states. This approach is
particularly useful for the late actinides, and transactinides, for which condensed phase
properties such as oxidation states and reduction potentials are generally inaccessible. It
should be emphasized that many available ionization energies, even low IEs for relatively
abundant and long-lived actinides such as U, remain as highly uncertain estimates. A priority
should thus be to obtain by high level quantum computations more reliable ionization
energies for actinides and transactinides, particularly 1E[M°] through IE[M*] that provide
predictions of the viability of the oxidation states | to V11l that might be chemically relevant.
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Supplementary Information
Computed geometrical parameters of AnO2(NOs)2” complexes with penta-, tetra- and trivalent
Cf and Bk obtained using the B3LYP exchange-correlation functional, and with tri- and
tetravalent Cf and Bk obtained from CASPT2/DZ calculations. The related computed total
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energies, Cartesian coordinates of the optimized structures, and frequencies and IR intensities

(cmt, km/mol) of the vibrations of the AnO2" moiety.
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Figure 1. CID mass spectra acquired at a nominal instrumental voltage of 0.5 V for (a)
Ce(NOz3)4, (b) Pr(NOz3)47, (c) Nd(NOz3)47, and (d) Th(NO3)s. Elimination of NO: is indicated
by arrows. Sequential CID elimination of two NO: is observed only for Pr(NOs)4™ to yield

PrO2(NO3)".
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Figure 2. CID mass spectra acquired at a nominal instrumental voltage of 0.5 V for (a)
PUu(NO3)4, (b) Am(NO3)47, () Cm(NO3)4", (d) BK(NO3)s™ (with 7% isobaric Cf(NO3z)s™ from
beta-decay of 2*°Bk) , and () Cf(NOs)s~ Elimination of NO is indicated by arrows.
Sequential CID elimination of two NO> molecules from An(NOz)4” to yield AnO2(NOz3)," is

observed in all five cases.
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perspectives and selected distances in angstrom from CASPT2/DZ calculations.
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Figure 4. Electron density map of CmO2(NOs),” from DFT calculations. Charge
concentration is indicated by yellow, while charge depletion by blue.
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Figure 5. Characteristic molecular orbitals of PuO2(NOs).” from CASPT2 calculations.
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Figure 6. Characteristic molecular orbitals of BkO2(NOs),” from CASPT2 calculations.
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Figure 7. Bonding paths (black), bond (green) and ring (small red) critical points of
AmY02(NO3),".
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