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Abstract

Dinuclear perchlorate complexes of uranium, neptunium and plutonium were characterized by
reactivity and DFT, with results revealing structures containing pentavalent, hexavalent and
heptavalent actinyls, and actinyl-actinyl interactions (AAls). Electrospray ionization produced
native complexes [(AnO2)2(ClO4)s]” for An:An = U:U, Np:Np, Pu:Pu and Np:Pu, which are
intuitively formulated as actinyl(V) perchlorates. However, DFT identified lower-energy
structures [(AnO2)(AnO3)(Cl04)2(ClO3)]" comprising a perchlorate fragmented to CIOs,
actinyl(VI) cation AnV'O,?* and neutral AnOs. For U:U and Np:Np, and Np in Np:Pu, the
coordinated AnOs is calculated as actinyl(\V1) with an equatorial oxo, [Oyi=AnY'=0y][=Ocq],
whereas for Pu:Pu it is plutonyl(V) oxyl, [Oyi=Pu¥=0y][-O"¢q]. The implied lower stability of Pu"!
versus NpV! indicates weaker Pu=O¢q versus Np=0Oeq bonding. Adsorption of O, by the U:U
complex suggests oxidation of UY to UVY! corroborating the assignment of perchlorate
[(AnVO2)2(ClO4)s]. DFT predicts the Oj-adducts are [(AnV'O2)(02)(AnV'02)(ClO4)s] with
actinyls oxidized from +V to +VI by bridging peroxide, O, In accord with reactivity, O,-addition
is computed as substantially exothermic for U:U and least favorable for Pu:Pu. Collision induced
dissociation of native complexes eliminated CIlO> to yield [(AnO2)(0)2(An02)(ClO04).]" in which
fragmented O atoms bridge as oxyl O™ and oxo O to yield uranyl(VI) and plutonyl(\V1), or as
oxos 02 to yield neptunyl(VII), [Oyi=NpV"=0y1]*".



Introduction

In contrast to complexes with only one metal center, dinuclear complexes enable structural
and electronic control of properties via interactions between the metal centers.! Such interactions
in isolated gas-phase complexes are free of perturbations due to coordination in condensed phase.
The metals in a dinuclear complex may be the same (homonuclear) or different (heteronuclear),
and the interaction between them may be direct or through bridging ligands. Actinyl dioxo
cations—pentavalent AnVO," and hexavalent AnV'0,2* (An = U, Np, Pu)—can exhibit so-called
actinyl-actinyl interactions (AAls; sometimes called cation-cation interactions), in end-on or side-
on fashions as shown in Scheme 1.2 The AAI is between polar actinyl cations,
[>O=An®¥™M*=0%]"™ where n = 1 for An¥ and n = 2 for AnV'. Effective charges in uranyl(V1), for
example, are +3.2 e on U and -0.6 e on Oy, i.e., [>¢0=U32*=0%6]>* 3 Condensed phase AAls are
prevalent for pentavalent actinyls like neptunyl(V),>® whereas less common for dipositive
hexavalent actinyls due to greater Coulombic repulsion.? '

Small gas-phase complexes are well-suited for high level ab initio electronic structure
computations to provide elucidation that may be relevant to understanding more complicated
condensed phase systems. Electronic structure calculations for bare AAIl dimers
[(AnVV'O2*2M)(AnV' V102" having various combinations of AnY and AnY' predicted their
inherent instability towards dissociation to the separated actinyl cations.'® Coordinating ligands
can stabilize gas-phase  AAls!  as in uranyl dicarboxylate dimers,
[(UVO2")(100C-[CH2]a-CO0O)2(UV'022M] (n > 3).12 In contrast to long flexible dicarboxylate
linkers that allow AAI orientations, short stiff bridging ligands might impose AAIs. Perchlorate,
ClOy, is potentially such an imposing ligand, though its coordination efficacy can be limited by
low charge density,*** and its high reactivity often precludes practical applications. Nonetheless,
perchlorate has been demonstrated to exhibit bidentate coordination,'® and bridging to support
metal-metal interactions, 617 such as between the manganese centers in [Mnz(ClO4)3(H20)2.5]*.28

As for d-block transition metals, insight into f-block chemistry is enhanced by comparing
several members of the series, although for most 5f actinides this tack is hindered by radioactivity
and scarcity. Actinyl(V) and actinyl(\V1) oxidation states are known for U, Np, Pu and Am, with
uranyl(V1), neptunyl(V) and plutonyl(V) particularly prevalent under environmental conditions,®
and americyl less common.?’ The role of AAls in condensed phase processes such as redox is
illustrated by disproportionation of uranyl(V) to U** and uranyl(VI) mediated by a UV/UY AAI.%

The demonstrated ability of perchlorate to support condensed phase metal-metal
interactions,'®'7 suggests it as a candidate to similarly facilitate AAls in the gas phase. To pursue
this prospect, dinuclear actinyl complexes, [(AnO2)2(ClO4)3],, were prepared by electrospray
ionization (ESI) of perchlorate solutions containing uranyl, neptunyl and/or plutonyl. These native
complexes were studied for actinide pairs An:An = U:U, Np:Np, Pu:Pu and Np:Pu. Only for the
U:U complex was O adsorbed in an ion-molecule reaction, presumably resulting in oxidation of
uranyl(V) to uranyl(VI) by peroxide formation, as has previously been reported for complexes
such as [(UV'02)2(02)(L)2]** (L is a functionalized diacetamide).?? Because neptunyl(V) and
plutonyl(V) are more resistant to such oxidation,? the Np:Np, Pu:Pu and Np:Pu native complexes



do not similarly adsorb O». Density functional theory (DFT) results are in accord with this intuitive
assessment of the observed reactivity and furthermore indicate that the native complexes feature
actinyl(V) AAls supported by perchlorate, [(AnYO2)-(AnY02)(ClO4)s]", with addition of O2 in a
bridging mode disrupting the AAI. Evaluation of collision induced dissociation (CID) of the native
complexes suggests it occurs by perchlorate fragmentation with the liberated O atoms oxidizing
the actinyl(V), respectively to uranyl(VI), plutonyl(\V1) and neptunyl(\V1l). Experimental results
are also presented for nitrate and chloride complexes.

Experimental and Computational Methods
Caution - Isotopes 228U, *’Np and ?*?Pu are radioactive and must be handled using appropriate
safeguards.

Experiments were performed using an Agilent 6340 quadrupole ion trap mass spectrometer
(QIT-MS) with ionization by an ESI source located inside a radiological containment glove box
as described previously.?* Native complexes, [(AnO2)2Xs]" (An = 28U, Z'Np, 242Pu; X = ClOs4,
NOgz, CI), were produced by ESI of ethanol:water (1:1 by volume) solutions containing 0.2-0.5
mM of one or two actinyl salts, AnO2Xs. The target gas-phase complex was isolated in the QIT
and subjected to collision induced dissociation (CID), whereby resonant excitation results in
multiple energetic collisions with helium that induce dissociation; products are identified by mass-
selective ejection. The CID energy is not quantified but increases in parallel with the instrumental
setting. lon-molecule reactions (IMRs) of thermalized trapped ions with background gases were
studied by retaining a mass-selected ion for a designated reaction time with no applied excitation
voltage. The reaction time was usually 10 s, but was reduced to 0.8 s in cases of very low
abundance of the reactant ion. The following instrumental parameters were employed: solution
flow rate, 60-90 puL/min; nebulizer gas pressure, 15 psi; capillary voltage, 3500 V; end plate
voltage offset, -500 V; dry gas flow rate, 5 L/min; dry gas temperature, 325 °C; capillary
exit, -166.7 V; skimmer, -46.2 V; octopole 1 and 2 dc, -10.4 and 0.00 V; octopole RF amplitude,
270.8 Vpp; lens 1 and 2, 9.0 and 100.0 V; trap drive, 83.2. High-purity nitrogen gas for nebulization
and drying in the ion transfer capillary was boil-off from a liquid nitrogen Dewar. The QIT helium
buffer gas pressure was ~10~* Torr; background H-O and O pressures were estimated as ~107°
Torr.2

The DFT calculations were performed with the B3LYP exchange-correlation functional®
26 with the aug-cc-pVDZ for O,%” the aug-cc-pVD(+d)Z for Cl,8 and the Stuttgart basis sets and
associated small core effective core potentials (ECP) for the actinides.?®3! Geometries were
optimized and second derivatives were calculated to ensure that the structures were minima and to
provide vibrational frequencies for the thermodynamic calculations. The values of S? are given in
the SI. High spin states exhibit little spin contamination but lower spin states for the same structure
can exhibit significant spin contamination as would be expected from spin polarization and the
mixing in of higher spin states. All calculations were performed with Gaussian16.%> The default
settings in Gaussian16 were used for the calculations.



Results and Discussion

Native Complexes - Preparation and Structure Prediction

ESI of solutions of uranyl, neptunyl and/or plutonyl with perchlorate, nitrate or chloride
produced the so-called native complexes. The following dominant oxidation states are assigned by
assuming cations An**, An**, AnVO,* or AnV'0,%** coordinated by anions CI, CIO4 or NOz: U
NpY, Pu""', Pu'v, Pu¥ and Pu¥'. Such coexistence of four plutonium oxidation states reflects its
VI/V, V/IV and IV/111 reduction potentials in the narrow range of 0.94-1.06 V. The focus is on
native dinuclear complexes [(AnO2)2(X)3] having An = U, Np or Puand X = ClO4, NOs3 or ClI;
the assumption that these comprise actinyl(\V) moieties, AnVO,", is assessed below. Experiments
were performed for the following nine combinations of anion X with actinide pair An:An: ClO4
with U:U, Np:Np, Pu:Pu and Np:Pu; NOs™ with U:U and Np:Np; CI" with U:U, Np:Np and U:Np.
The “soft” nature of ESI is often invoked to infer solution speciation, though actual relationships
between solution and gas are often convoluted.® Solution speciation is not inferred here, but a
more conservative assumption is invoked (and later corroborated) that ClO4 and NOs ligands
remain intact during ESI.35%

The electronic structure calculations focused on perchlorate complexes [(AnO2)2(ClOa4)3]
for actinide pairs U:U, Np:Np, Pu:Pu and Np:Pu. To assess the assumption that the perchlorates
remain intact, calculations were also performed for structures with fragmented perchlorate. In
structures with a ClO3™ or CIO," fragment the liberated O atom(s) coordinate and oxidize the
actinyl, from +V to +VI or +VII. Structures A, B, C and D were optimized for native complexes
[(AnO2)2(Cl0O4)s] and are shown in Figure 1, with energies and nominal oxidation states in Table
1. Bonds unambiguously covalent, like perchlorate CI-OL (OL = ligand oxygen) and actinyl
An=0y,, are depicted as solid connections in Figure 1, whereas dative bonds like An--Or are
dashed. The distinction between covalent and dative bonding is sometimes blurred, such as for
AAI bond c in structure A discussed below.

Structures A and B incorporate a perchlorate fragmented to [CIO3™ + O] or [CIO2 + 20],
respectively, whereas all ligands are intact in C and D. Note that the chlorine oxide fragments
remain negatively charged. The O transferred to the actinide oxide may have oxidation states of -1
or -2 depending on which complex, oxyl or oxo, is formed with corresponding oxidation state
changes in the resultant actinide oxides. After first summarizing key characteristics of B and C,
the emphasis is on A, which is predicted to be the lowest energy structure for U:U, Np:Np and
Np:Pu, and D, which is lowest energy for Pu:Pu (Table 1). A variety of spin states for the
complexes were examined.

Structure C has two actinyl(V) moieties, AnO2", coordinated by bridging and terminal
perchlorates with no actinyl-actinyl interactions. Parameters for C given in Figure 1 for the U:U
complex indicate nearly linear actinyls with characteristic short An=0y; bonds. Although both C
and D have intact perchlorates and oxidation state AnY, D, is predicted to be lower in energy by
~28 kcal/mol for U:U, ~11 kcal/mol for Np:Np, ~9 kcal/mol for Pu:Pu and ~24 kcal/mol for



Np:Pu. Structure C just has the high spin coupling of two AnO,* with the An in the +V oxidation
state.

Structure B for U:U is composed of two UO3* with a spin on each Oeq” and U in the +VI
oxidation state. For Np:Np, this results in a lowest energy singlet state for isomer B with two
NpOs* each with Np in the +VII state. For Pu:Pu, the structure is made up of two PuO3* with the
Pu in the +VI oxidation state with 2 unpaired electrons on each Pu and two equatorial O™ atoms
each with a spin. The three states that arise depend on the coupling of the oxygen spin (a or )
with the approximately two a spins on each Pu +VI. The spin polarized low spin coupled states
are slightly lower in energy than the high spin coupled state.

In structure B, a perchlorate is fragmented to ClIO2" with the two liberated O atoms
transforming the actinyls AnO,* to AnOs", which are coordinated by a bridging CIO2™ and two
terminal CIO4. The AnOs™ moieties in B can be considered actinyls, [Oyi=An=0y], coordinated
by an equatorial oxygen (Oeq). The effective charges and oxidation states are established by this
Oeq as AnV'0,2* in case of oxyl An-Ogq’, or as AnV"'02%* for oxo An=0¢q. For the U:U, Np:Np and
Pu:Pu complexes the lowest energy isomer is oxyl AnV'O,(-Oeq’), Whereas for Np:Pu it is a
combination of oxyl PuV'0,(-Oeq’) and oxo Np¥!'O,(=0¢q). Coexistence of Pu¥! and Np¥! in the
latter reveals relatively facile oxidation to heptavalent Np, as is known to also occur in the
condensed phase.®® %% The An-Ogq distance in B for U:U (2.10 A) is somewhat longer than for
Np:Np (1.84 A) but similar to Pu:Pu (2.05 A). For NpV'":Pu¥"!, NpV"-Oeq = 1.84 A and Pu"V'-Oqq
=2.10 A; for NpV":Pu"!, Np¥'-O¢q = 2.08 A and PuV'-O¢q = 2.12 A; for NpV'":Pu¥!, NpV"-Oeq =
1.84 A and PuV'-Oeq = 2.10 A. The spin on Ogq in the PuO3 fragment in Np¥":Pu' is 0.92 and there
is no spin on the NpOs Oeq consistent with a charge of -2 on this oxygen. Similarly, Np¥!"':PuV"V!
has -1.12 spin on the Ogq in the PuO3 fragment and there is no spin on the NpO3z Oeq, again
consistent with a charge of -2 on this oxygen. For NpV:PuY!, the NpOs Oeq has 0.93 excess a
electrons and the PuO3 Ogq has 0.97 excess o electrons.

For structure A, starting from two AnO-*, U:U has up to two unpaired spins, Np:Np has up
to four unpaired spins, Pu:Pu has up to six unpaired spins, and Np:Pu has up to five unpaired spins.
The Mulliken spin populations (Supporting Information) are important in assigning the oxidation
states of the actinides. For structure A, for U:U, if the structure U.Os?* is a singlet, then it is
composed of a UO2%* and a UQs, both of which are singlets as found. For Np:Np, we would expect
atriplet for NpO,2* and a NpOs and this is the lowest energy spin state for A. Following this model,
we would expect a quintet to be the lowest energy structure for Pu:Pu for A but although the quintet
is predicted to be of low energy, the lowest energy form is likely to be the septet which is a PuO2?*
with 2 unpaired spins, and a PuOs with the Pu in a +V oxidation with 3 unpaired spins, and an O
with one unpaired spin. The quintet state just has the spin on O flipped so it is highly spin polarized.
For Np:Pu, the spins show that the lowest energy sextet is PuO2* and an NpOs* with Np in the +VI
oxidation state and a spin on the O". Essentially identical in energy is a structure with a PuO,?*
with 2 unpaired spins for a Pu +VI, and a NpO3z with Np in the +VI oxidation state with one
unpaired spin on the Np.



The bond distances and angles labelled on structure A in Figure 1 are given in Table 2. The
core of A consists of cation AnO22* and neutral AnOs—forming an An,0s?* cluster—coordinated
by ClO4 and ClOs™ with An--O. distances in the range 2.37-2.54 A. For all four An:An pairs the
AnO2** moiety is actinyl(V1) with nearly linear Oy=An=0y; (a = 178°-179°) and short An=0y;
distances a and @’ (1.72-1.82 A). For U:U, Np:Np and Np:Pu, the AnOs moiety has three oxo
bonds—two short distances b’ and b’ (1.79-1.84 A) and slightly longer b (1.95-2.02 A)—which
render it to have a bent actinyl(V1) (B = 162°-166°). Notably, the equatorial An=0e¢q bond 5" is
shorter than An=0y; bond b. Elongation of b is accompanied by participation of that Oy, in an AAI
with bond distance ¢ (2.19-2.24 A) which is only slightly longer than a typical An-O single bond
(e.g., b'" = 2.15 A for Pu:Pu). For the Np:Pu complex, structure A contains Pu¥'02%* and Np¥'Os,
whereas for Pu:Pu it is Pu¥'0,%* and Pu¥Os where the latter is linear plutonyl(V) coordinated by
oxyl Pu-Oeq” (distance o' = 2.15 A). The nature of these AnOs moieties is elaborated below. In all
cases, the An,Os?* core of A features an AAI with the bond distances ¢ and ¢’ longer for the
PuV:Pu¥' complex versus the three AnV:AnY' complexes (Table 2). The weaker plutonyl(V/V1)
AAL is likely due to lower actinide charge—(25+n)+ in [®O=An@*M*=0%]"*—for actinyl(V)
(n=1) versus actinyl(V1) (n=2).

Structure D is predicted to be more stable energetically than A for Pu:Pu, by 15 kcal/mol,
whereas A is more stable for U:U and Np:Np by 53 and 21 kcal/mol respectively, and the two
structural isomers are similar in energy to within ~1 kcal/mol for Np:Pu. Nonetheless, in all four
cases D is likely the actual structure in the experiment as it is the lowest energy containing all
perchlorates intact, as assumed above for ESI preparation conditions and substantiated below.
Structure D, like C, has two actinyl(V) coordinated by perchlorates. In C a bridging perchlorate
intervenes between the actinyls, whereas in D two bidentate perchlorates girdle the actinyls and
support—or, as described above, impose—a side-on AAI (Figure 1). The actinyl(V) in D have
short An=0y; bonds (a, a’, b and b’, 1.76 - 1.94 A) with minor deviations from linear Oy=An=0y,
(a, p =173°-179°). The AAl distances ¢’ (2.26 - 2.36 A) are similar to condensed phase AAls and
shorter than typical An-Oy distances.** The AAI in D is asymmetric, with ¢ (2.40-2.56 A) slightly
longer than ¢’ (2.26-2.36 A). The An=0y; bond for the Oy participating in the AAI is elongated,
with &’ longer than a by ~0.1 A. Distances ¢ and ¢’ exhibit the opposite trend expected from the
actinide contraction, with the shortest/strongest AAI bonds for U:U and the longest/weakest for
Pu:Pu. This suggests greater An=0y, bond ionicity and more positive charge on the actinide center
in uranyl(V) versus other actinyl(V), as is known to be the case in solution.*? Structure D is just
the high spin coupling of two AnO," with the An in the +V oxidation state.

Coordinated AnOs - Oxidation States and Bonding

The actinide trioxides embedded in structure A can be compared with bare AnOs
molecules, which have been reported for An = U* and Pu.** The UO3; molecule has been
characterized as having a T-shaped structure consisting of a nearly linear uranyl(VI) coordinated
by an equatorial 0xo, [OyI=UV'=0,1][=0eq], @ motif comparable to the UO3 moiety in A.*>*" The
trioxide bond dissociation energies for the equatorial O, D[OU2-O] = 139 kcal/mol versus



D[OPu.-0] = 93 kcal/mol,*" indicate diminished An=0¢q bonding for PuOs versus UQs, which
parallels dioxide AnO; bond energies (D[OAN-O] = 179 for U; 151 for Np; 143 kcal/mol for Pu).*®
Kovéacs reviewed computational studies of UOsz, NpOs and PuOs, which are computed to be
actinyl(V1) coordinated by equatorial oxo, in accord with experimental results for UO3.*® For
trioxides of transuranium actinides, actinyl(\VI) structures are predicted to decrease in stability
relative to lower oxidation states, with AmO3z comprising oxyl-coordinated americyl(V).>° After
americium, the lowest energy CmOs isomer is not oxygen-coordinated curyl, (O=Cm=0)(O), but
rather trivalent Cm mono-oxo superoxide, O=Cm'"'(n?-0,).5*

The same oxidation state characteristics reported for bare AnOs appear in isomer A
comprising UV'03, NpV'03 and Pu¥O3 in the U:U, Np:Np and Pu:Pu complexes. Referring to atom
labels for A in Figure 1, for Np:Pu the An(1) site is plutonyl(V1), Pu¥'0.?*, and An(2) is NpV'O3
with 0xo Np=0gq. For Pu:Pu, the An(1) site is also plutonyl(V1), but An(2) is Pu¥O3 with oxyl Pu-
Oeq™. Since formation of Np¥'O3 versus PuVOs is a result of oxo in [Oy=Np"'=0y][=0eq] versus
oxyl in [Oyi=Pu¥=0y][-O"q], the lower stability of Pu"! indicates weaker oxo bonding, Pu¥'=0cj
As for other actinide-ligand multiple bonds such as actinyl An=0y, equatorial oxo bonds are
expected to be substantially covalent.>? Control of actinyl oxidation state by equatorial oxo versus
oxyl bonding contrasts with solution redox properties, which are governed by formation and
solvation of cations AnVO," or AnV'0,2*. The apparent diminishment in efficacy of An=0cq
bonding that results in relative destabilization of the hexavalent state from U to Pu in the complexes
parallels decreasing bond energies for the corresponding bare actinyls.*®

Comparative stabilities of oxidation states AnV! in A versus AnV in D are revealed by the
energy difference AEpa = E[D] - E[A] (Table 1, kcal/mol): 53.2 for U:U; 20.8 for Np:Np; 1.0 for
Np:Pu; and -15.3 for Pu:Pu. These differences show oxidation from +V to +V1 is most favorable
for U and least so for Pu. For comparison, solution reduction potentials, E°(V1/V), follow the order:
U (0.16 V, easiest to oxidize to +VI) << Pu (0.97 V) < Np (1.24 V) < Am (1.59 V).*® Higher
stability of UY! versus both Np¥! and PuV! arises in both solution and the gas-phase complexes.
However, the result that AEpa is ~36 kcal/mol higher for Np:Np versus Pu:Pu indicates Np“! as
substantially more stable than Pu"' in the complexes, this in contrast to the reverse relationship in
solution. This comparison of oxidation states is in accord with the above assessment of AnO3
moieties in A, with both considerations indicating diminished equatorial oxo bonding as the root
of reduced stability of oxygen-coordinated plutonyl(V1) in complexes, as compared with bare ion
PuV'02?* in solution.

Reactions with Oz and H.O

As discussed above, the calculations for the native perchlorates predict that A is the lowest
energy isomer for U:U and Np:Np, A and D are similar in energy for Np:Pu, and D is the lowest
energy isomer for Pu:Pu. However, the actual structure in the ESI experiments in all four cases is
hypothesized to be D with all perchlorates intact. Comparison of observed and predicted ion-
molecule reactions provide a basis to assess this hypothesis. Under near-thermal conditions as
employed here, energy conservation requires that an observed bimolecular reaction be exothermic



(or thermoneutral). Results for reactions of the nine native perchlorate, chloride, and nitrate
complexes with background Oz and H2O are shown in Figures 2, 3, and S4, and summarized in
Table 3. Addition of H,O was observed for the three U:U complexes, the U:Np chloride, and the
Np:Np perchlorate. Water-addition to a metal-oxo complex such as an actinyl, and more
generically an [Ln,]M=0 moiety, can be categorized using the surface chemistry concepts of
chemisorption and physisorption.®*®* Water activation in chemisorption produces hydroxide
[La]M(OH)., whereas physisorbed water is datively bound in a hydrate, ([Ln]M=0)+(H20). As the
oxidation state is invariant for both types of water adsorption, such reactivity may not readily
illuminate the nature of the complexes.

In contrast to adsorption of water, O. adsorption by a complex typically results in oxidation
of the metal center and may thus better reveal the nature of the reactant complex.® The
experimental results here for O, addition (Table 3) indicate reactivity for the four complexes
containing at least one U center; in contrast, complexes containing only actinides Np and/or Pu
were practically inert. The gas-phase basicity of H2O (158 kcal/mol®®) is sufficient to support
hydration at room temperature, whereas the basicity of O, (95 kcal/mol®®) is so low that cryogenic
conditions are typically required for physisorption.>” However, chemisorption of O, may produce
superoxide O or peroxide O,%, or dissociate to yield two oxyl O and/or oxo O%. For example,
O chemisorption by a divalent osmium complex results in four-electron reduction of O to 2(0%)
concomitant with oxidation of Os'' to OsV'.%® Dissociative chemisorption of Oz by transition metal
ions®>%° may be facilitated by secondary coordination, such as for hydrated Cr*.%* Chemisorption
of O2 by bare uranyl(V), UVO,", yields uranyl(V1) superoxide, n>-O2" [UY'02(n?-O2)]*, whereas a
second O is physisorbed to produce [UY'O2(n?-02)(n*-02)]*.>" Other examples of uranyl(V)
reactivity include O addition to [(UVO2)Clz]" and [(UYO2)(H20)s]* to form the respective
superoxides, [(UY'02)(02)Clo] and [(UV'02)(02)(H20)3]*.2% 4% In contrast to uranyl(V), the
analogous neptunyl(V) and plutonyl(V) complexes do not chemisorb 02,2 which reflects less
facile oxidation of Np and Pu from +V to +V1.%3

The result here that O adds to the native [(AnO2)2X3]" complexes only if there is at least
one uranium center suggests that they are actinyl(V) with oxidation accessible for UY but not NpV
or PuV. For chlorides, the notion of ligand fragmentation is irrelevant and assignment as actinyl(V)
moieties in [(AnYO2).Cls]" is nearly unambiguous. Addition of O, to [(UYO.):Cls] and
[(UVO2)(NpVO2)Cls] is then ascribed to formation of peroxide [(UY'02)(02)(UV'02)Cls] and
superoxide [(UY'02)(02)(NpV02)Cls]". The homonuclear neptunyl(V) complex, [(NpYO2)2Cls], is
resistant to oxidative addition of O». For the native perchlorates and nitrates, observation of O.-
addition only for the U:U complexes is attributed to availability of UV for oxidation, which
excludes structures A and B and corroborates the assumption that D is the structure prepared by
ESI.

The above empirical assessment of O»-addition was complemented by electronic structure
calculations. Formulation of the Oz-addition products is [(AnO2)2(0)2(ClOa4)s], rather than
[(An02)2(02)(CIO4)3], to recognize that added oxygen may be as bound O or dissociated to two
O. Adduct structures E, F and G are shown in Figure 4, with relative energies in Table 4. All three



isomers have intact perchlorates and oxidation states An"', in accord with the inference above that
addition of Oz is to native structure D and proceeds by oxidation of actinyl(V) to actinyl(VI). The
main difference between the three adduct isomers is the disposition of the O2: E has dimer
An,06%"; F has two AnOs*; and G, the lowest energy structure, has two Anv'O2?* bridged by
peroxide O2%". Similar to native isomer D in which perchlorates bridge in a manner that facilitates
an AAI, in G a perchlorate links the actinyls in a side-on mode that accommodates the bridging
peroxide. Transformation of D to G corresponds to insertion of O2 between the actinyls, with
disruption of the AAI and rearrangement of a perchlorate from bridging to terminal. The nature of
this transformation is sufficiently straightforward that its kinetics are likely governed by the net
reaction energy.

Both structures E and F are higher in energy than G. Structure F has two AnOs* moieties.
For U:U, this yield a triplet with a spin on each O". For Np:Np, the most stable structure is a singlet
with Np in the +VII oxidation state. For Pu:Pu, the spin is in the +VI oxidation state as for U:U so
there is a spin on each O™ as well as the two spins on each Pu. These can be coupled in different
ways and there is substantial spin polarization in the quintet and triplet states which affects the
energy ordering. For Np:Pu, the NpV!""/PuV! quartet with the O™ group on the Pu is of comparable
energy to the NpY'/PuV! sextet with two O groups each with a spin.

The high energy E structures are complicated with significant spin polarization in a number
of structures. There is clearly an O>" bonded side-on to one actinide. For U:U, the triplet is
composed of a UO3:UO*3:0,” complex. For Np:Np, the septet is NpOz*:NpO*2:0, but the NpOs*
has a spin on Np and one on the O so the Np oxidation state is +V1, not +V1I that might have been
expected. The case is more complicated for Pu:Pu but the nonet can be approximately described
as PuO3z:PuO*3:02" with the Pu in the PuOs in the +V state with an O with a spin and the PuOs"
having the Pu in the +V oxidation state with 3 unpaired electrons. For the Np:Pu octet, the structure
is best described as NpOs*:PuO*2:0,  where the NpOs* has a spin on Np and one on the O™ so the
Np is +VI and the PuO*2 has Pu in the +IV oxidation state with 4 unpaired spins. Note that there
is spin polarization to the O atoms in all cases.

Selected bond distances and angles given for structures E and F in Figure 4 for the U:U
complex; for lowest energy structure G the parameters labelled in Figure 4 are given in Table 5
for all four An:An complexes. Bond orders and oxidation states are inferred from An-O and O-O
distances. Short An-O bonds (~1.7-1.8 A; e.g. a and b in G) are assigned as An=0 oxo, whereas
longer bonds (~2.1-2.2 A; e.g. b"" in A for Pu:Pu) are An-O" oxyl with similar distances to
hydroxide single bonds, An-OH.64%% The O-O distance in free Oz, 1.21 A, increases to ~1.2-1.3 A
in superoxide O", and to ~1.4-1.5 A in peroxide 02?5 The bonds in the U,0¢%** moiety in E are
assigned as follows (Anl and An2 are in this case Ul and U2): U1 has two U=0 oxo (1.81, 1.83
A) and one U-O single bond (2.08 A); U2 has one U=0 oxo (1.86 A) and three U-O single bonds
(2.06, 2.07, 2.09 A), two of which are to a terminal peroxo (n?-O, with O-O distance 1.43 A). As
the net charge on the U.Og cluster in E is 2+, the oxidation state is +VI for both U1 and U2.
Structure F has two UY'O3* with short U=0y, oxos (1.77 A) and longer U-O" oxyl (2.09 A).



Geometrical parameters of isomers E and F for the Np:Np and Pu:Pu complexes are similar to
those given in Figure 4 for U:U.

Structure G for U:U has two UO2?* with a ‘bridging’ peroxide, u-n?n?-02%, giving an
overall singlet. Structure G for Np:Np follows the same pattern with a spin on each Np +VI giving
a triplet. There is modest spin polarization to all of the oxygens (excess 0.2 a spin on each Np).
Pu:Pu has two spins per Pu +V1 giving a quintet with a larger amount of spin polarization on the
Pu (excess ~ 0.5 a spin on each Pu.) For Np:Pu, we obtain a quartet with one spin on the Np and
two spins on the Pu as expected with the same types of spin polarization on each actinide as in the
homo-dimers. These are the most stable structures in all cases.

Structure G is the lowest energy O»-adduct, with similar bond distances and angles for all
four An:An pairs (Table 5). The added O, with O-O distances 1.42-1.45 A is a peroxide that
bridges nearly linear actinyl(V1) moieties. Energies for O, addition to the four native structures to
produce G are in Table 6. For U:U, conversion of A to G is endothermic by +18.8 kcal/mol,
whereas D to G is exothermic by -34.4 kcal/mol. As the observed addition of O, to
[(UO2)2(ClO4)3]” must be exothermic (or thermoneutral), the computed energies corroborate that
the structure of the native complex in the experiment is not the calculated lowest energy A, but
rather D with intact perchlorates. For the other complexes, transformation of presumed structure
D to G is computed as substantially endothermic for Pu:Pu and Np:Pu (19.8 and 12.7 kcal/mol),
whereas slightly exothermic for Np:Np (-3.1 kcal/mol). Although exothermic O-addition to the
Np:Np complex is thus predicted to be (barely) thermodynamically allowed, its non-occurrence
may reflect small kinetic barriers above the reactant asymptote energy as well as the accuracy of
the DFT calculations.

The prediction that transformation of actinyl(V) in D to actinyl(\V1) in G is substantially
exothermic only for U:U parallels more facile solution oxidation for UY versus Np¥ and PuV.%
However, the prediction that oxidation of Anv in D to AnV' G is more favorable for Np versus Pu
contrasts with solution oxidation. As remarked above regarding actinide bonding to oxygen ligands
in the native complexes, this disparity suggests that actinyl(\VV1)-peroxide bonding in G is more
effective for Np than Pu.

Collision Induced Dissociation

The native complexes—assigned above as [(AnV02)2Xs] structure D—were subjected to
CID using a fixed instrumental energy setting of 0.40. CID spectra for the perchlorates are in
Figure 5, other CID spectra are in Sl, and all CID results are summarized in Table 7. A common
pathway was fission reaction (i) in which dinuclear [(AnVO.)2X3] separates into the detected anion
[(AnVO2)X2], and by inference the neutral [(AnVO2)X] that cannot be directly detected by mass
spectrometry. For the chloride complexes U:U, Np:Np and U:Np, pathway (i) was observed (for
U:U water addition vyielded also minor [(UYO.):Cls(H20)], Fig. S3). Fission of
[(UVO2)(NpYO2)Cls] via reaction (i) to preferentially [(UYO2)Cl2]" over [(NpVO2)Cl2] suggests
stronger chloride binding to uranyl versus neptunyl, in accord with higher uranium charge as
inferred above from shorter uranyl(VV) AAI distances in complex D.
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(i) fission to mononuclear complexes: [(AnVO2):Xs]” — [(AnV02)X2] + [(AnVO2)X]

In contrast to ESI, CID is inherently energetic and can thus fragment ligands like
perchlorate and nitrate, with the released O atoms available to bond to the metal center.*® For
pathway (i) in which the compositions do not directly reveal ligand fragmentation the products are
presumed to be [(AnVO2)X2]" and [(AnVO2)X] in which actinyl(V) are coordinated by intact
perchlorates or nitrates. For the nitrates, ligand fragmentation pathways (iii), (iv) and (v) in Table
7 were also observed (CID spectra in Figure S2). Fission pathway (i) dominated for the Np:Np
nitrate, whereas prevalence of ligand fragmentation for U:U suggests that it involves oxidation of
UY to UV!. Pathway (iii), for example, produces [(UO2)2(0)2(NQ3)],, which is presumed to
comprise two uranium(V1) trioxide moieties, [(UV'O3)(NO3)(UV'03)].

For perchlorate complexes [(AnVO2)2(ClO4)s]" the two observed CID pathways are
identified in Figure 5 and Table 7: (i) (given above, with X = ClQa) fission to [(AnVO2)(ClOx)2]
+ [(AnVOo)(CIOW)T; and (ii) (given below) perchlorate ligand fragmentation to
[(An02)2(0)2(Cl04).] + CIOo.

(ii) perchlorate fragmentation: [(AnV02)2(ClO4)s]” — [(AnO2)2(0)2(Cl04)2] + CIO
For the Np:Np, Pu:Pu and Np:Pu complexes, both pathways (i) and (ii) were significant, whereas
for U:U only pathway (ii) was observed. Pathway (i) is presumed to retain the An¥ oxidation state.
The particular dominance of (ii) for the U:U complex suggests a different model.

In the computational electronic structure assessment of perchlorate pathway (i) the anion
and neutral products are assumed to be actinyl(V) coordinated by perchlorates, [(AnVO2)(CIO4)2]
and [(AnVO2)(ClO4)]. Computed structure H for the product [(AnO2)2(0)2(Cl04)2]" of pathway
(ii), shown in Figure 6 with relative energies in Table 8, has terminal CIO4™ coordinating cluster
An,O¢*. Before we discuss structures H associated with pathway (ii), we consider bare An;Os and
An206*. The U:U neutral dimer U2Og is well established as two UO2?* linked by two bridging O?".
For Np2Os, the preferred structure is a Coy triplet with a closed shell NpOs* fragment in the +VII
oxidation state and a NpO3~ with the Np in the +V oxidation state. The Pu.Og neutral dimer has a
complicated structure due to significant spin polarization but is best described as two Pu +V1 sites
in a distorted U2Os type structure with two spins per Pu. For NpPuOe, the structure is best described
as a NpOs* bonded to PuOs" with Pu in the +V oxidation state, representing a structure like that of
Np20s. For Np:Pu, the lowest energy structure is the triplet with a Np +VII and a Pu +V1 with two
spins on the Pu.

The removal of the electron from neutral An2Os to generate the An,Os" cations can come
from different sites. For U:U, the electron is removed from the O as there are no electrons that can
be removed from the U. For Np:Np, the electron is removed from the NpOs™ fragment to generate
a NpOs fragment coupled to the NpOs* fragment so that there is one spin on the Np +VI. Again,
there are a number of close lying states for Pu2Os". The lowest energy structure has two Pu +VI
with the electron removed from a bringing O to generate a sextet; note that unlike U:U, the electron
is removed from one O to generate a lower symmetry structure

For H, the U:U structure is like bare U.O¢", with two terminal CIO4 and with both U in
the +V1 state with the spin on the two bridging O atoms. For Np:Np, structure H corresponds to a
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Np20s" surrounded by two CIlO4™ in which the core Np2Os* contains one Np in the +V1I oxidation
state and Np +V with one unpaired spin. For Pu:Pu, the core structure looks like Pu2Os" with two
+VI Pu and an electron removed from one bridging O to give sextet with low symmetry. The
structure for Np:Pu follows that of NpPuOs* with an Np in the +V 11 and the Pu in the +VI oxidation
state. The results are consistent with the distinctive stability of heptavalent neptunium, as also
established in condensed phase.®’ In addition, the results show that Pu does not really want to
go beyond the +VI1 oxidation state.

Computed energies for perchlorate fission (i) and fragmentation (ii) are in Table 9 for
native structures A and D, although from above, the latter is considered to be the actual structure.
Based on previous studies, it is expected that the computed CID energies should be accessible
under the employed moderate-energy conditions,®” with the possible exception of 107.8 kcal/mol
for fission pathway (i) for U:U structure A. For structure D, pathway (i) for all four complexes is
computed as endothermic, with energies in a fairly narrow range of 41 to 55 kcal/mol, consistent
with similar bonding for all An and constant AnY oxidation state in D and the fission products. In
contrast to pathway (i), there is greater variation in the energy for pathway (ii) transformation of
D to H, from substantially exothermic for U:U, to nearly thermoneutral for Np:Np and Np:Pu, and
substantially endothermic for Pu:Pu (Table 9). Although rigorous assessment of CID Kinetics
would require computation of barriers on pathways (i) and (ii), the principles of Bell-Evans-
Polanyi®®® and Hammond™ suggest that transition state energies and resultant rates should
generally correlate with net reaction energies as the reactions are significantly endothermic so the
transition states will be very product-like. For all four actinide pairs, fission pathway (i) is higher
energy than fragmentation (ii), with the differences ranging from substantial 91.3 kcal/mol for U:U
to intermediate 45.3 kcal/mol for Np:Np and 41.3 kcal/mol for Np:Pu, to small 10.4 kcal/mol for
Pu:Pu. In accord with the expected correspondence between kinetics and reaction energy, for the
U:U complex low-energy pathway (ii) is entirely dominant over (i), whereas for the other three
complexes the yields for the pathways are more similar (Figure 5). The observed abundance of
pathway (ii) is significantly greater than for (i), except for the Pu:Pu complex where the two
channels are comparable in accord with their similar computed energies. Such consistency between
CID and theory bolsters confidence in the overall validity of the computations.

The CID results provide a further indication of relative stabilities of actinide oxidation
states. Pathway (ii) entails oxidation of AnV in the native complex D to UY!, Pu¥' or Np“" (or
intermediate NpV"V!"} in H. The observed CID abundances, and computed energies and structures
reveal that the ease of oxidation via pathway (ii) is highest for UY to UY' and lowest for PuV to
PuV!. The intermediate pathway (ii) energy for NpV corresponds to oxidation to NpV!"" in Np:Pu or
NpY"V!"in Np:Np. The results thus further demonstrate reduced stability of Pu' relative to PuV in
an oxide coordination environment, and the distinctive stability of extreme oxidation state Np"".

Conclusions

lon-molecule reactions and DFT calculations for gas-phase dinuclear complexes of
uranium, neptunium and plutonium has revealed they contain actinides in oxidation states +V, +VI
and +VI1I as actinyl moieties, which in some cases exhibit actinyl-actinyl interactions (AAIs). The
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focus was on four native perchlorate complexes prepared by electrospray ionization (ESI),
[(AnO2)2(ClO4)3] having actinide pairs U:U, Np:Np, Pu:Pu and Np:Pu. DFT identified low-energy
structure D consisting of actinyl(V) coordinated by perchlorates, [(AnY02)2(Cl0a4)s]', and a higher-
energy structure A containing a perchlorate ligand fragmented to CIOs and O, and actinyl(\V1) (or
plutonyl(V)):  [(AnV'O2)(AnVV'03)(Cl04)2(CIO3)]. Isomer A with oxidation state +VI is
computed as lowest energy, except for the Pu:Pu complex. However, the observation that the U:U
complex adsorbs O suggests that it contains uranyl(V) available for oxidation, which excludes
structure A and indicates instead D as the actual structure prepared by ESI. Structure D has all
perchlorates intact, as expected for “soft” ESI. Addition of Oz to D is computed as substantially
exothermic only for the U:U complex, in accord with its observed reactivity. Structure D features
an actinyl(V)-actinyl(V) interaction, [(AnVO2)-(AnVO,)(ClOa)s]", which is disrupted by addition
of O; as a peroxide bridge to yield actinyl(VI) complex, [(AnY'02)(02)(AnY'0,)(Cl04)3] .

The computed energy difference between actinyl(V) isomer D and actinyl(V1) isomer A
indicates oxidation from AnY to AnY' is most favorable for U, intermediate for Np, and least
favorable for Pu. Similarly, conversion of actinyl(V) in isomer D to actinyl(VI) by addition of O
is exothermic for U, nearly thermoneutral for Np, and endothermic for Pu. For comparison,
standard solution electrode potentials show that oxidation of AnVO," to AnV'02%* is most favorable
for U, intermediate for Pu, and least favorable for Np. Whereas oxidation of +V to +VI is most
facile for UV in both solution and the gas-phase complexes, oxidation of Np¥ is more favorable
than PuV in the complexes whereas the reverse holds in solution. A key conclusion is thus that
oxidation of AnV to AnV' by formation of actinide-oxygen bonds in the complexes—in contrast to
oxidation by ionization and solvation—is more facile for Np versus Pu due to more effective Np-O
bonding.

Collision induced dissociation of the native perchlorate complexes resulted in elimination
of CIO> to yield [(AnO2)(0)2(An02)(ClO4)2]". DFT computations indicate that the two extra O
atoms in this product bridge the actinyls as oxo (0%) and/or oxyl (O°) to yield oxidation states
Uv:uv! PuV:Puv!, NpY'":Puv', and NpV"V'":NpY"™' (VI/VII is intermediate state). The results
reveal distinctive stability of heptavalent neptunium, formally neptunyl(V1I) in NpV"0z%*. The
computed energy for the observed dissociation is lowest (substantially exothermic) for U:U and
highest (substantially endothermic) for Pu:Pu, in accord with observed CID efficiencies of highest
for U:U and lowest for Pu:Pu.

Supporting Information

ESI mass spectra of actinyl perchlorates. CID mass spectra for [(UO2)2(NO3)3],
[(NpO2)2(NO3)3], [(UO2)2LCl3], [(NpO2)2Cls] and [(UO2)(NpO2)Cls]". Reactivity results for
[(UO2)2(NO3)3] and [(NpO2)2(NOs)3]. Computed XYZ coordinates and IR frequencies; and
overall spin multiplicities and selected Mulliken spin values.
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Table 1. Oxidation states, relative energies (AHok in kcal/mol) and spin multiplicities [in
brackets] for native dimer structures A, B, C and D containing two actinides designated as
An:An.?
Actinides A B C D

u:U uv:uVv0.0 [1]"° Uv:uV33.4 [3] uv:uVv/81.2 [3] Uv:uVv/53.2 [3]
Uv:uVv/29.8 [3] Uv:uv45.5 [1]
Np:Np | Np¥:NpV'70.0 [3] | Np¥'":NpV" /11.8 [1] | NpV:NpV/31.4 [5] | NpV:NpV/20.8 [5]
NpY:NpV'/9.3 [5] | NpV:NpV'/21.4 [3]
NpY':NpV'/30.9 [5]
Pu:Pu | PuV:Puv/15.3[5] | PuV:PuVY/34.0[3] | PuV:PuV/9.2[7] | Puv:Puv/0.0 [7]
PuV:PuV/27.4171 | PuV:Puv'/38.0 [5]
PuV':PuV'/41.9 [7]
Np:Pu | Pu¥:NpV70.0 [6]¢ | NpV":PuVV'/21.3 [2] | NpV:Puv/25.8 [6] | NpV:PuV/1.5 [6]°
PuV:NpV0.5 [4]° | NpV'":PuV'/26.9 [4] NpV:Puv/11.3 [6]"
NpV':PuV/7.3 4] | NpV:Puv'/31.9 [6]
NpV':PuV/12.7 [6]°
aStructure descriptions: A = [(AnV'022")(AnVV!03)(Cl04)2(Cl03)]; B =
[(AnV'"V1'03")2(Cl04)2(CIO)]; C = [(AnV02")2(Cl04)3]; D = [(AnVO2)2(Cl04)s]” (AAI). ® There
are two other singlet minima with different ClO3z™ coordination that are ~ 2.5 kcal/mol higher in
energy.  AnO; An is Pu and AnOs An is Np. ¢ AnO2 An is Np and AnOs An is Pu. € Pu
coordinated to two ClO4 and Np coordinated to 3 ClO4". T Np coordinated to two CIO4 and Pu
coordinated to 3 ClO4.

Table 2. Selected distances (A) and angles for native structures A and D shown in Figure 1.2

A D
UVuv' | NpV:NpY' | PuV:PuV®? | NpV:Pu¥'c [ UV:UY | Np¥:NpV | PuV:Pu" | NpV:Pu"4

al| 176 1.74 1.72 1.73 1.79 1.77 1.76 1.77
a’ | 1.82 1.79 1.74 1.76 1.94 1.89 1.85 1.87
b | 2.02 1.99 1.88 1.95 1.89 1.83 1.80 1.81
b’ | 1.81 1.79 1.77 1.79 1.81 1.77 1.76 1.76
b | 1.84 1.82 2.15 1.83 - - - -

c | 219 2.19 2.30 2.24 2.40 2.48 2.56 2.56
¢ | 257 2.59 2.92 2.74 2.26 2.31 2.36 2.33
o | 178° 178° 178° 179° 174° 176° 176° 176°
B | 162° 165° 180° 166° 173° 179° 179° 179°

2 An-O distances (L = perchlorate) are 2.35-2.57 A. A is lowest energy, except D for Pu:Pu.
b An1 = Pu (Pu¥'02%"); An2 = Np (Np"'03)

¢Anl = Pu¥! (PuV'0,?*); An2 = Pu¥ (PuV0s)

4GS is Anl = Np, An2 = Pu; Anl = Pu, An2 = Np is 9.8 kcal/mol higher.
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Table 3. Summary of observed ion-molecule reactions.?

Reactant Oz addition? H20 addition?
Complex Yes No Yes No
[(AnO2)2(ClO4)s) U:uP Np:Np, Pu:Pu, Np:Pu | U:U®, Np:Np | Pu:Pu, Np:Pu
[(AnO2)2(NO3)s] U:uP Np:Np U:uP Np:Np
[(AnVO2).Cls]” | U:UP, U:Np Np:Np U:UP, U:Np Np:Np

2Yes = reaction observed; No = reaction not observed.
b Also sequential addition of Oz and H20.

Table 4. Oxidation states and relative energies (AHok in kcal/mol) for products of Oz-addition.?

O2-adduct
[(AnO2)2(0)2(ClO4)s]°
E F G
u:U UVhUV/34.6 [1] UVtuV44.5 [3] uUVtuv0.0 [1]

UV':uVv/37.8 [3]
Np:Np| NpY:Np'/28.1[3] NpV:NpV/42.8 [5] | NpY:Npv'/0.0 [3]
NpV":NpV/30.5 [5] NpY':NpV'"/32.7 [3]
NpV:NpV/44.7[71 | NpV'":NpV'/22.8 [1]
Pu:Pu | PuV:Pu'V/39.3 [5] PuV:PuV'/43.0 [3] | PuVV:PuvV0.0[5]
Puv:Pu'v/43.1 [7] PuV:PuV/47.1 [5]
PuV:PuV/47.8 [9] PuV':PuV'/56.0 [7]
Np:Pu | NpY:Pu'v726.6 [2]¢ | Np“":PuV'/47.3[2] | NpV":PuVV'/0.0 [4]
NpV:Pu'v/30.2 [4]1¢ | “NpV'":PuV/37.1[4]
NpV':Pu'v/30.0 [6]¢ | 9NpV:PuV'/34.5 [6]
NpV::PulV/27.6 [8]1¢ | ®PuV:NpV'/49.6 [2]
PuV":NpV/51.5[2]¢ | °PuV":NpV"/37.0 [4]
PuV:NpV/41.2 [4]19 | ®PuV:NpV''/32.9 [6]
PuV:NpV/43.6 [6]¢
PuV:NpV/49.2 [8]¢
& Spin multiplicities are in square brackets.
b Structure descriptions: E = [(AnY'206%")(CIO4)3],
F = [(Cl04)(AnV'03")(CI04)(AnV'03")(CIOLT;
G = [(ClOs)(AnV'022")(Cl04)(02%)(AnV'0.2")(CIO4)] .
¢ Anl=Npand An2 = Pu. 9 Anl = Pu and An2 = Np.
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Table 5. Selected distances (A) and angles for structures G and H.2

Oz-adduct G ° CID product H
U:U | Np:Np | Pu:Pu | Np:Pu [ UVtUVIe | NpVIVINpVIVITD | VPVt | NpV!:PuV!
a|l176| 174 | 173 | 1.74 1.78 1.76 1.75 1.76
a'| 176 | 1.74 | 173 | 1.74 1.78 1.76 1.75 1.76
b|176| 1.74 | 1.73 | 1.73 1.78 1.76 1.74 1.74
b'11.76 | 1.74 | 173 | 1.73 1.78 1.76 1.74 1.74
c|227| 228 | 228 | 2.27 2.16 2.11 2.10 2.03
c'| 241 | 240 | 240 | 2.41 2.16 2.11 2.35 2.03
d|227| 228 | 228 | 2.28 2.16 2.11 2.11 2.21
d'|241] 240 | 2.40 | 2.39 2.16 2.11 2.28 221
e |145] 143 | 142 | 142 2.61 2.55 2.70 2.52
a | 173°| 175° | 176° | 176° | 173° 172° 175° 169°
B |173°| 175° | 176° | 176° | 173° 172° 178° 177°

2 Actinide pairs are An1:An2 in Fig. 4. An-Oy distances (L = perchlorate) are 2.49-2.60 A.
b|_owest-energy structure for the O,-adduct; all actinide centers are An"'.

¢ For the Cyy structure only 0.2 kcal/mol higher, ¢ = d but differ from ¢’ =d".
dVI1/V11 designates oxidation state intermediate between +VI and +VI1.

Table 6. Computed energies for Oz-addition to different structures of [(AnO2)2(ClOa4)3] .2

A—-G | B—»G | C—G | DG

U:U 188 | -14.6 | -62.4 | -34.4
Np:Np | 17.7 5.9 -13.7 | -3.1
Pu:Pu | 45 | -14.2 | 106 | 19.8
Np:Pu | 14.1 | -12.8 | -11.7 | 12.7

& AHok in kcal/mol for O, addition to native complex structures A (lowest-energy for all except
Pu/Pu), B, C and D (lowest-energy for Pu/Pu) to yield lowest-energy product G.

Table 7. Summary of CID results.

Precursor Pathway / products Pathway observed??
Yes No
[(AnO2)2(Cl04)s] | (i) [(AnVO2)(ClO4)2] + [(AnVO2)(ClO4)]? Np:Np, Pu:Pu u:u
Np:Pu
(ii) [(AnO2)2(0)2(Cl0Oa4)2] + CIO2 U:U, Np:Np, Pu:Pu
Np:Pu
[(AnO2)2(NO3)s]" | (i) [(AnVO2)(NO3)2]” + [(AnVO2)(NOs)]? Np:Np u:U
(iii) [(AnO2)2(0)2(NO3)2]” + NO U:U, Np:Np
(iv) [(An0O2)2(0)2(NO3)] + 2NO> U:U, Np:Np
(V) [(AnO2)2(0)(NO3)2] + NO2 U:U Np:Np
[(AnVO2).Cls] | (i) [(AnVO2)CL2] + [(AnVO,)CI] U:U, Np:Np
U:Np

& Assigned oxidation state An(V) assumes intact perchlorates or nitrates.
bYes = observed; No = not observed.
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Table 8. Spin Multiplicities and Relative Energies (AHok in kcal/mol) for CID Product H.

[(AnO2)2(0)2(Cl04)z] .

Compound Spin Relative Energy
UVEUYT (Can) 2 0.0
NpV":Np¥' (Cs) 2 0.0
NpY'":NpV' (Ca) 2 3.2
NpY':NpY' (Cs) 4 8.3
NpV:NpV'! (C2) 2 11.8
NpV:NpV' (C2v) 4 32.3
PuV:PuV' (Cy) 6 0.0
PuV:PuV! (Cy) 4 2.2
PuV:puV! (Ca) 2 3.9
PuV:Pu¥ (Ca)? 6 20.9
PuV:PuV (Cx) 8 18.0
NpV!":PuV! (Cs) 3 0.0
NpV':PuY (Cs) 5 17.6
NpY':PuV' (Cs) 7 53.9

& Significant spin contamination.

Table 9. Computed energies (AHok in kcal/mol) of alternative dissociation pathways for

[(AnO2)2(ClO4)3] .2

Fission Pathway (i) to: Fragmentation Pathway (ii) to:
[(AnVO2)(ClO4)2] + [(AnVO,)(CIO4)] | [(AnO2)2(0)2(Cl04).] + CIO2
A—products D—products A—H D—H
U:U 107.8 54.6 16.5 -36.7
Np:Np 62.9 42.1 5.8 -15.0
Pu:Pu 25.7 41.0 9.2 24.5
Np:Pu 47 .42 46.0° 6.2 4.7

2 Average for channels producing anions [(NpYO2)(ClO4)2]" and [(Pu¥O2)(ClOs).]; the latter
pathway is 0.4 kcal/mol higher energy.
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Scheme 1. Two types of actinyl-actinyl interaction (AALI; also referred to as “cation-cation
interaction”): Left, end-on T-shaped; Right, side-on diamond shaped.
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Figure 1. Computed structures A, B, C and D for native dimers [(AnO2)2(ClOs)s]; in A and B a
perchlorate is fragmented. Blue balls = actinides Anl and An2; red = O; green = Cl. Selected
distances (A) and angles for An1:An2 = U:U are given for B and C; values for labelled bonds and
anglesin A and D are in Table 2. Covalent and dative bonds are respectively solid and dotted lines

(bond c in A is intermediate).
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Figure 2. Mass spectra obtained after isolation of (a) [(UO2)2(ClO4)3] for 10 s; (b)

[(NpO2)2(ClO4)3] for 10 s; (c) [(PuO2)2(ClO4)3] for 0.8 s; (d) [(NpO2)(PuO2)(ClO4)s] for 0.8 s.
Addition reactions with background Oz and H20 are indicated as v' = reaction, and ¥ = no
reaction. Maximum ion intensities on the y-axis are: (a) 300, (b) 50000, (c) 800 and (d) 700.
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Figure 3. Mass spectra obtained after 10 s isolation for (a) [(UO2)2Cls]"; (b) [(NpO2)2Cls]; (c)
[(UO2)(NpO2)Cls]". Reactions with background gases Oz and H20 are indicated (v' = reaction; %
= no reaction). Maximum ion intensities on the y-axis are: (a) 3400, (b) 44000 and (c) 240.
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Figure 4. Computed structures E, F and G for Oz-adducts to the native dimers. Blue balls =
actinides Anl and An2; red = O; green = Cl. Selected distances (A) and angles for An1:An2 =
U:U are given for E and F; values for labelled bonds and angles in G are in Table 5. Covalent
and dative bonds are respectively solid and dotted lines. The long distance of 2.52 A between
bridging O atoms in E indicates negligible O-O bonding.
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Figure 5. CID mass spectra for (a) [(UO2)2(ClO4)s]’; (b) [(NpO2)2(ClO4)s]; (C)
[(PuO2)2(ClOa4)3]; (d) [(NpO2)(PuO2)(ClOa4)3] with the dissociation channels (i) and (ii) as given
in Table 8. Nominal applied CID voltage is 0.40 V. The maximum ion intensities on the y-axis
are: (a) 1400, (b) 30000, (c) 700 and (d) 600.
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Figure 6. Computed structure H for CID products. Blue balls = actinides Anl and An2; red = O;
green = Cl. Labelled distances (A) and angles are in Table 5. Distance e is long, indicating
negligible O-O bonding. The oxidation state assignments for the four CID products are UV:UV!,
NpY"V!:NpV'"V!! (intermediate state), Pu¥':Pu¥' and Np¥"":PuV",
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