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Abstract

A central goal of chemistry is to achieve ultimate oxidation states, including in gas-phase
complexes with no condensed phase perturbation. In the case of the actinide elements the
highest established oxidation states are labile Pu(\V1I) and somewhat more stable Np(VII). We
have synthesized and characterized gas-phase AnO3(NO3), complexes for An = U, Np and Pu
by endothermic NO, elimination from AnO2(NOg3); . It was previously demonstrated that the
PuOs" core of PuO3(NOs), has a Pu-O" radical bond such that the oxidation state is Pu(V1); it
follows that in UO3(NQOg), it is the stable U(VI1) oxidation state. Based on the relatively more
facile synthesis of NpO3(NOs), , a Np(VII) oxidation state is inferred. This interpretation is
substantiated by reactivity of the three complexes: NO; spontaneously adds to UO3(NO3), and
PuO3(NO3),, but not to NpO3(NOs), . This unreactive character is attributed to a Np(V11)O3"
core with three stable Np=0 bonds, this in contrast to reactive U-O" and Pu-O" radical bonds.
The computed structures and reaction energies for the three AnO3(NOg3), support the conclusion
that the oxidation states are U(VI), Np(VII) and Pu(VI). The results establish the extreme
Np(VII) oxidation state in a gas phase complex, and demonstrate the inherently greater stability
of Np(V1I) versus Pu(VII).



Introduction

A core attribute of the chemistry of the early actinide (An) elements is the accessibility of
multiple oxidation states under moderate conditions, notably An(l1I/1V/V/VI) for An = U, Np
and Pu. Whereas the highest accessible uranium oxidation state is U(VI), Np(VI1) and Pu(V1I)
exist transiently in alkaline solutions, as reported nearly half a century ago by Spitsyn et al.
Both Np(VII) and Pu(VII) in aqueous solutions have been confirmed, with species such as
NpO2(OH); aq and AnO4(OH),* 44 (An = Np, Pu) having been proposed.”> The lower stability
of Pu(VIl),q versus Np(VIl)4 is reflected in the standard reduction potentials, E°(V1I/V1), in
alkaline solutions: 0.95 V for PuO4(OH),> and 0.58 V for NpO4(OH),*".° Metastable Np(V11)
has also been reported under acidic conditions.” Heptavalent Np and Pu have also been prepared
in solid oxide compounds that contain a highly electropositive electron donor metal ion such as
Li* or Na*. The first such compound was LisNpOg reported by Keller and Seiffert in 1969.%
Other compounds include LiCo(NH3)sNpOs(OH),,® NasAnO4(OH)s (An = Np, Pu)®® and
NasNpOg. ™

In condensed phases, the highest oxidation states are generally stabilized by the
coordination environment, such as by hydroxyl coordination in highly alkaline solutions and by
alkali metal cations in solid oxides. The existence of high oxidation states in gas-phase
complexes can provide an evaluation of their inherent stabilities in the absence of secondary
stabilizing interactions. The relative simplicity of gas-phase species furthermore presents the
opportunity to perform high-level quantum chemical calculations of electronic structures and
bonding. The case of octavalent plutonium is an intriguing contemporary example. Interest in
Pu(V111) derives largely from the atomic ground state of Pu, [Rn]5f°7s? engagement of all eight
valence electrons in bonding would result in the Pu(V1I1) oxidation state, in analogy with closed-
shell Os(VII1) in volatile OsO4. The PuO4 molecule containing Pu(VI111) has been inferred based
on indirect effects, including an apparently high volatility of Pu during ozonation of alkaline
solutions of Pu(VI)."*** However, quantum chemical calculations have rather convincingly
demonstrated that in ground-state PuO, the oxidation state is actually Pu(V), and that the
molecule can be represented as (PuO.)"(0,)"."> Subsequent calculations on PuOnF-2n)
molecules revealed that even with highly electronegative fluorine ligands, only metastable
species having Pu(V111) are viable.'®

The ground atomic configuration of Np is [Rn]5f*6d'7s* such that chemical engagement
of all valence electrons results in Np(VII), which is a well-established oxidation state in
condensed phases. The stability of Np(VI1) in the gas phase has received less attention than that
of Pu(VIIIl) despite that condensed phase properties, such as the VII/VI reduction potentials,
indicate that Np(VI1) should be more accessible than Pu(VII), and even more so than Pu(VIII).
As for gas-phase Pu(VIIl), there have been only circumstantial indications of Np(VI1) in the gas
phase. In particular, NpV"'F; and Np“"'OsF have been proposed based on the volatility of Np in
the presence of fluorinating and oxidizing atmospheres at high temperature.” However, there is
no direct evidence for either species, nor for the Np(VII) oxidation state in the postulated
molecules.



Collision induced dissociation (CID) elimination of NO, from gas-phase nitrate
complexes is a facile route to achieving accessible higher oxidation states of metals, via the
generic unimolecular decomposition reaction (1), where N is the initial oxidation state.®%?

MNOx(NOg)y™ ™ > MM 0x1(NOg)y1" ) + NO, (1)

The increase in oxidation state indicated in reaction (1) occurs only if a higher oxidation state is
adequately accessible such that an additional M=0O double bond is formed. In the event that a
higher oxidation state is not accessible, such as in LaO(NO3);~ from La'"'(NOs),, the resulting
M-QO" radical bond is highly reactive. For example, LaO(NQOs); exothermically abstracts a
hydrogen atom from water to recover the stable La(lIl) oxidation state in La(OH)(NO3); .2

In previous work, gas-phase CID unimolecular decomposition of a plutonyl nitrate anion
complex was explored. Reaction (2), where An = Pu, was studied in an attempt to access the
Pu(VII) oxidation state in the gas phase.?*

AnVIOz(NO:J,)g_ > AnO3(N03)2_ + NO; (2)

However, quantum chemical calculations revealed that the oxidation state in the PuO3(NO3),
product is not Pu(V1I) but rather Pu(V1), and that a Pu-O" (rather than a Pu=0) bond is created in
reaction (2). In essence, it was concluded that a radical oxygen atom does not oxidize Pu(V1) to
Pu(VI1) in the PuOs* core of the product complex, (PuOs")(NOs ),. In the present work, this
approach, specifically reaction (2), is extended to Np(V1) with a goal of achieving oxidation to
yield a gas-phase Np(VI1) complex and evaluate the intrinsic stability of Np(VI1), particularly in
comparison with that of Pu(VII). Gas-phase AnO3(NOgs), anion complexes were produced for
An = U, Np and Pu, where uranium was included for comparison because the U(VII) oxidation
state is chemically inaccessible such that the uranium complex provides a good basis for
comparison. Association reactions of the three AnO3(NO3), complexes with NO, to regenerate
the AnO,(NOs3); were studied to evaluate their comparative stabilities and thereby deduce
oxidation states. Quantum chemical calculations of the structures of the complexes and the
reaction energetics substantiate the interpretations of the experimental observations.

Experimental Procedures
Caution! The Np-237 and Pu-242 isotopes employed in these experiments are highly radioactive
and must be handled only with proper safety precautions.

The general experimental approach has been previously described.?* Anionic actinyl tris-
nitrate complexes, AnO,(NO3); for An = Np and Pu, were produced by electrospray ionization
(ESI) of ethanol solutions containing 100 pM AnO,** (diluted from 28 mM NpO,(ClO4), at pH =
1 and 8 mM PuO,(ClOy), at pH = 1) and 500 uM HNOs3. For uranium, a 10 mM UO2(NO3)s”
stock solution (pH = 1) was diluted with ethanol to 100 uM for ESI. The U-238, Np-237 and Pu-
242 isotopes are all radioactive and must be handled with proper controls.”®> The experiments
were performed using an Agilent 6340 quadrupole ion trap mass spectrometer (QIT-MS) with a
MS" CID capability; for this instrument the CID energy is a parameter that provides an
indication of relative ion excitation. lons in the trap can also undergo low-energy ion-molecule
reactions at ~300 K,?® by introducing a reaction time of up to 10 s without applying a CID



voltage. Anion mass spectra were acquired using the following parameters: solution flow rate, 60
ML/h; nebulizer gas pressure, 12 psi; capillary voltage offset and current, -4000 V and 208 nA;
end plate voltage offset and current, -500 V and 3025 nA ; dry gas flow rate, 3 I/min; dry gas
temperature, 325 °C; capillary exit, -50.0 V; skimmer, -36.3 V; octopole 1 and 2 DC, -10.9 V
and -3.0 V; octopole RF amplitude, 190 Vpp; lens 1 and 2, 10.0 V and 91.0 V; trap drive, 50.0.
Nitrogen gas for nebulization and drying was supplied from the boil-off of a liquid nitrogen
Dewar. The background water pressure in the ion trap is estimated as ~10° Torr;?’
reproducibility of hydration rates of UO,(OH)" % established that the water pressure was constant
to within less than 10%. The helium buffer gas pressure in the trap is constant at ~10™* Torr.

The ion trap has been modified to allow for the introduction of reagent gases through a
gas-handling manifold and a leak valve.”> While NO, gas (>99.5%, Sigma Aldrich) was directly
introduced into the ion trap, the liquid toluene-d8 reagent (99.6%, Cambridge Isotope
Laboratory) in a reservoir was degassed by repeated freeze-vacuum-thaw cycles prior to
introducing the vapor into the QIT. The pressures of NO; and toluene-d8 were not known, but
were estimated to be in the range of 10° to 10™ Torr based on the change in pressure indicated
by an ion gauge external to the ion trap. For a given reagent gas the experiments were carried
out using essentially constant reagent pressures (to within less than 10%), which allows for direct
comparison of reactivity results.

Computational Details

We follow the same computational procedure as the one we previously applied on
plutonium nitrate complexes for the sake of comparing the data at the same, established level of
theory. Therefore, for the PuO,(NO3); and PuO3;(NO3), systems, the same geometrical and
electronic structures are reported in the present work. The geometries of all the complexes under
study were obtained with the Gaussian 09 program package® at a scalar relativistic density
functional theory (DFT) level. The PBE0®*® exchange-correlation functional is used, owing to
its overall good performance for computing geometries of actinide complexes. The 60-electron
small-core pseudopotentials ECP60MWB?*? were used to mimic the role of the core electrons of
the An centers and implicitly introduce scalar relativistic effects, in conjunction with the
(14s13p10d8f6g)/10s9p5d4f3g segmented basis sets®>. The def2-TZVPD basis sets*** are
chosen for the O, N, C and H centers. The numerical grid was set according to the grid =
ultrafine keyword of Gaussian 09. The nature of the stationary points was assessed by means of
the computation of the vibrational frequencies, and the An oxidation states were assessed by
analyzing the <S*> expectation values, the Mulliken atomic spin populations, and, to a lesser
extent, the Mulliken atomic charges. Note that most of the oxidation states of the species of
interest are obvious or were previously determined.** The Np oxidation state in NpO3(NOs),~
was the only oxidation state that remained to be confirmed/attributed by calculations. This
attribution was done by comparing the previously mentioned indicators to the ones obtained in
the NpO2(NO3); and NpO,(OH)(NOs), cases, as well as by considering the equatorial Np—O
vibrational frequency.



In previous work®*, we defined the magnetic coupling constant in PuO,(NO3); at the
high-spin geometry. This choice was made to unambiguously attribute the spin-doublet nature of
the ground spin-orbit free state in this system. However, in the present work, we also compute
gas-phase reaction energies. Although no ambiguity arose in the determination of the reactant
energies in the AnO3(NOs); (An = U, Np, Pu), AnO2(NOs); (An = U, Np) and
AnO,(OH)(NO3), (An = U, Np, Pu) cases, the definition of a proper spin-orbit free energy for
the PuO,(NO3); complex deserves more attention. Due to antiferromagnetic coupling between
the S=1 plutonyl unit and S=1/2 radical oxygen atom, the lowest energy solution that we
previously reported correspond to a spin-broken-symmetry solution®®. In order to assess the
energy correction to be applied to the spin-broken-symmetry energy, we have used the
approximate spin projection method,®* at both the spin-broken-symmetry and high-spin
geometries according to the following expression:

LS _ _plLS HS
Expps = aEyps — BEy

where Ekf,_BS is the corrected spin-broken symmetry energy, EIE_SBS is the spin-unrestricted DFT

spin-broken-symmetry energy, E{fS is the high-spin energy obtained with spin-unrestricted DFT,
and o and g are defined as follows:

_ (SZ)SS - (SZ lé)fact

<SZ>ES - <Sz>h§35

and:

[), — (SZ %EBS - (SZ legact
(S2° = (S2)i%ss

where the <$*> expectation values are either the unrestricted DFT ones, or the ideal one for a
pure low-spin state (“exact”), i.e. 0.75 for a S = 1/2 spin state.

Results and Discussion
Synthesis of AnO3(NOg3), complexes

The gas-phase AnO,(NO3); complex ions (An = U, Np, Pu) were produced by ESI of
solutions containing the actinyl cation, AnO,**, and nitrate anion, NOs~. Full ESI mass spectra
prior to ion isolation are shown in Figure S1. Before CID, all ions with other m/z were ejected
from the QIT such that only the AnO,(NO3); remained. The AnO,(NO3)s were then resonantly
excited by applying a nominal CID voltage of 0.5 V, which results in multiple energetic
collisions with the He bath gas. It should be noted that the CID “voltage” is an undefined
instrumental parameter; the important point here is that the same excitation conditions were



applied to all the three AnO,(NOg3); complexes such that the fragmentation products and yields
can be directly compared.

CID mass spectra for the three AnO,(NOg3); systems are shown in Figure 1. Comparison
of the AnO,(NO3); peak intensities in the parent ESI mass spectra (Figure S1) with the
corresponding intensities in the CID mass spectra in Figure 1 reveals a much lower intensity in
the latter. This decrease in intensity is due to substantial ion loss during isolation, which is
particularly drastic in the negative ion mode. The dominant process in each case is reaction (2)
to yield AnO3(NO3), . For An = Pu there is a minor product that corresponds to PuO,(NOs), ,
presumably Pu¥O," coordinated by two nitrate anion ligands. It should be noted that at higher
CID voltages the product yields increase and additional minor products appear, as was
previously reported for CID of PuO(NO3)s .%* The lower energy CID conditions employed in
the present study allow for comparison of the yields of the dominant AnO3(NO,), products
without substantial contributions from higher-energy fragmentation channels.

It is evident from Figure 1 that the CID yields of UO3(NO3), and PuO3(NOs3), are
essentially the same, with the CID AnO3(NOs3), product peaks having intensities of ~1/6 relative
to the intact AnO,(NO3); parent peaks; the fragmentation percentages are thus ~17% for both
complexes. Under the same conditions, the CID yield of NpO3(NOs3), is contrastingly greater
than the intensity of intact NpO,(NOz3); , with an intensity ratio of ~28/17; for this complex the
fragmentation percentage is ~160%. The comparative propensity for conversion of
AI'IOQ(N03)3_ to An03(N03)2_ is thus [(1/6)/(28/17)] ~ 1/10 for UOz(N03)3_ and PUOz(NO3)3_
versus NpO,(NOs3)s . The observation is that under the same conditions the unimolecular
decomposition reaction (2) is about tenfold more efficient for An = Np versus An = U and Pu.
This result indicates that reaction (2) is more favorable for NpO,(NOg3);, in accord with
computational results (vide infra). This can be taken to indicate a higher relative stability of the
NpO3(NO3), product compared with UO3(NO3),; and PuO3(NOgs),. It was previously
established that the oxidation state is Pu(VI) in the latter product and it can be assumed to be
U(VI) in the uranium product, as this is obviously the terminal oxidation state. An obvious
explanation for the more facile formation of NpO3(NO3), is that the oxidation state is Np(V1I)
with a Np=0 bond rather than a Np-O’ radical bond. This interpretation is substantiated by the
computational and reactivity results presented below.

Computed structures and formation energies of AnO2(NOs);™

The computed structures of the AnO2(NOgs); precursors and the AnO3(NO3), CID
products are shown in Figure 2. The geometries are similar for An = U, Np and Pu, except for a
significant difference in one of the Np-O bond distances in the CID product. The bond distances
identified in Figure 2 are given in Table 1. For the AnO,(NOg3); complexes, the distances a and
b indicate actinyl(VI), AnO,**, cores coordinated by three nitrate anion ligands. The bond
distances are similar for the three AnO2(NOgs); complexes, with the actinide contraction
resulting in slightly shorter distances from U to Np to Pu. The three AnO3(NO3), can be
considered as AnO3" cores coordinated by two nitrate anion ligands. The distances a” and b” are



typical of actinyls coordinated by nitrates. The substantial discrepancy between the structures of
the AnO3(NO3), is apparent in the An-O bond distance c, which for An = Np is only slightly
longer than the neptunyl distances but for An = U and Pu is substantially longer. The longer
distance for An = Pu is consistent with previous results and the conclusion that the equatorial
bond is a Pu-O" radical bond; it is similarly concluded that the equatorial bond is a U-O" radical
bond with a U(VI) oxidation state. In the case of NpO3(NOs), the much shorter equatorial bond
distance c indicates a Np=0O double bond, which corresponds to a Np(V1l) oxidation state. Note
that this bond distance, c, is significantly larger than the other two Np=O bonds (a") that
originate from the previous neptunyl unit, indicating that this “new” Np=O bond is not
equivalent to the other two Np=0 bonds and is weaker than them. The O,=An=0, actinyl bond
angles in UO3(NOs), and PuOs3(NOs), are close to linear (~178° to 180°), while there is a
greater deviation in NpO3(NO3), (~170°). The latter result is in accord with three somewhat
similar three Np=0 double bonds in NpO3(NO3), . This distortion of the O,=Np=0,x bond angle
is associated with changes in the O,=Np=0¢q bond angles, which are significantly larger than
90° in the Np complex, contrary to the Oa;=An-Ogq angles for the U and Pu complexes, which
are very close to 90°.

The computed spin configurations for the AnO3(NO3), complexes are doublet, singlet
and doublet for An = U, Np and Pu, respectively. The doublet state for UO3(NO3), is consistent
with closed shell U(VI) (i.e., 5f°) and one unpaired electron on the radical O atom. Note that the
obtained Ms = 1/2 solution in the An = Pu case corresponds to a mixture of spin-doublet and
spin-quartet characters.?* The doublet state for PuO3(NOs), is consistent with two unpaired
electrons on Pu(VI) (i.e., 5f%) antiferromagnetically coupled to the unpaired electron on the
radical O. For assessing the geometry dependence of the energy correction to be applied to the
energy of the spin-broken-symmetry solution, we computed this energy correction with the
approximate spin projection method at both the spin-broken-symmetry and high-spin geometries.
The corrections being —8 and —6 kJ/mol, respectively, we conclude that the correction is nearly
independent of the geometry, and thus, use the spin-broken-symmetry geometry as our reference
geometry for the discussion, while the computation of reaction energies will account for the
approximate spin projection energy correction. In this way, we thus approximate the “true” spin-
doublet geometry and energy without the need for using specific spin-broken-symmetry
geometry optimization tools.>” The singlet state for NpO3(NOs), ™ is consistent with closed-shell
Np(VI1) (i.e., 5f° and a non-radical O atom (a closed-shell solution was found, i.e. <S$?>=0).
Note that as in our previous work®*, all these interpretations of the spin patterns are supported by
the analysis of atomic spin densities, and, to a lesser extent, by atomic charges.

An indicator of bond strength in actinyl complexes are the O=An=0 vibrational
frequencies, where higher frequencies indicate stronger bonds.*®3° The computed frequencies
for the AnO,(NO3); and AnO3(NOs3), complexes are given in Table 2. The symmetric stretch
vi frequencies and asymmetric stretch v; frequencies are all characteristic of AnO,*" moieties.
The v[An-Og] frequencies corresponding to the vibrational mode associated with the equatorial
An-O bond are much lower for An = U and Pu, consistent with the assignment of these as having



single bond multiplicity character. The v[An-Ogq] frequency, 774 cm, is lower than but much
closer to vy and vs, consistent with the assignment of a higher (effective) bond order, close to
two. This lower frequency compared with v; and vz indicates that the “new” Np=0 bond is
weaker than the two Np=0O bonds in the AnO,(NO3); complex.

The computed energies for the unimolecular dissociation reaction (2) are given in Table
3. The energy to eliminate NO, from AnO,(NOs3); for An = Np is lower, by 47 and 35 kJ/mol,
than the energy for the corresponding An = U and Pu complexes, respectively. This result
concurs with the experimental result of a greater CID vyield of the AnO3(NOg3), complex for An
= Np. As noted above, the higher stability of NpO3(NO3), is in accord with formation of a
stable gas-phase Np(VII) complex, as is indicated by the other experimental and computational
results.

Reactions with the AnO3(NO3),” complexes

Two reactions involving the AnO3(NO3), systems were studied under thermal condition
in the QIT to identify differences in chemistry and evaluate disparities from the perspective of
the structures and bonding in the anion complexes. Reaction (3) is the reverse of the
endothermic CID reaction (2).

AnO3(NO3),~ + NO, > AnV'0,(NO3)s~ ®3)

For reaction (3) to occur spontaneously under thermal conditions it must be exothermic and have
no prohibitive energy barrier above the reactants on the potential energy surface, as has been
discussed for the dissociative insertion of CO, into NUOCI,.*® The results in Figure 3
demonstrate that reaction (3) occurs for An = U and Pu, but not for An = Np to within the
experimental detection limit. Taking into consideration the different reaction times, the
following comparative efficiencies for reaction (3) are obtained, arbitrarily normalized to a value
of 100 for uranium: UO3(NOgs), /100 > PuO3(NOs3), /5 >> NpO3(NO3), /<0.02 (product
not detected). The very disparate reaction efficiencies, notably that reaction (3) is at least 5000
more efficient for An = U versus An = Np, evidently reflects very different susceptibilities of U-
O" and Np=0 bonds towards activation. A greater reactivity of the uranium complex would be
expected due to the radical equatorial oxygen. In contrast, all three neptunium-oxygen bonds in
the reactant are double bonds and there is thus no oxygen atom that should be so highly reactive,
as is required for formation of a NOj3 anion ligand upon addition of NO,. Although reaction (3)
spontaneously occurs for PuO3(NOg), it does so with an efficiency ~20 times lower than for the
uranium complex. The reason for this reduced reactivity is not readily apparent from the
computed structures, which are similar and feature U-O" and Pu-O" bonds; there are clearly other
factors that affect the reaction kinetics, as discussed below. The key finding is that, in contrast to
the uranium and plutonium complexes, reaction (3) is not detected for NpO3(NOs), , which is
thus at least 250 times less reactive than PuO3(NOg3), . This result is consistent with the
computed structures: radical Pu-O" versus saturated Np=0.



The computed energetics for reaction (3), which are simply the inverse of those for
endothermic CID reaction (2), are in Table 3. Compared with An = U, reaction (3) is slightly
less exothermic for An = Pu and significantly less exothermic for An = Np. These energetics are
in accord with the observed reactivity, U > Pu >> Np. It should be emphasized that although
there is generally a correlation between reaction rates and thermodynamics for similar reaction
mechanisms, the kinetics are determined by the reaction energy profiles, specifically by
transition state barriers thereon, and not necessarily by the overall reaction energetics.** The
higher yield of NpO3(NO3), was attributed to a stable Np(V1I) complex with a Np=O equatorial
bond; the comparatively higher resistance of this complex to react with NO, to revert to
NpO,(NO3); is similarly attributed to the lesser propensity for reduction of Np(VI11) to Np(V1).

A notable result is that reaction (3) is about 20 times less efficient for An = Pu versus An
= U. Although this disparity is not as large as for An = Pu versus An = Np, it is nonetheless
significant. The magnitudes of the reaction exothermicities, U > Pu > Np, are in parallel with the
observed reaction rates. The lesser reactivity of PuO3(NOs3), versus UO3(NO3), may be related
to the accessibility of Pu(VII) but not U(VII)—it is possible that the Pu complex exhibits some
Pu(VIl) character that is not readily apparent from the structures, but is manifested in both the
observed reactivities and the computed reaction energetics.

Reaction (4) was also studied for the three AnO3(NOgz), complexes, where CgHsCHys is
toluene (methyl benzene; deuterated CsDsCD3 was employed in the experiments).

An03(N03)2_ + C¢HsCHz; = AnOZ(OH)(NO3)2_ + CgHs5CH> (4)

Toluene was used as a hydrogen atom donor because of its relatively low C-H bond dissociation
energy, D[CsHsCH,-H] = 389 kJ/mol, which is substantially lower than, for example, D[HO-H]
= 497 kJ/mol for water.*? The results for reaction (4) are shown in Figure 4. Because C¢DsCDj3
was used for the experiments the product of reaction (4) should be AnO,(OD)(NOg3), at 2 m/z
above the reactant. Although the UO3(NOg3), complex exhibits reactivity, the dominant product
is UO,(OH)(NO3), at 1 m/z above the reactant, with only a minor yield of UO,(OD)(NOg), .
This is attributed to facile exchange with background water in the ion trap, as given by reaction

5).
UOz(OD)(NOg)z_ + H,O > UOz(OH)(NOg)z_ + D,O (5)

Evidence for this exchange reaction is presented in Figure 5. The minor vyield of
UO,(OD)(NQO3), produced during CID was isolated and allowed to react with background water
in the ion trap for 250 ms, after which approximately 50% of the OD had been replaced by OH.
The results shown in Figure 4 were for a much longer reaction time, 10 s, such that most of the
OD would be replaced by OH. In Figure 4, the spectra on the right hand side correspond to the
same reaction conditions except with an increase in the pressure of CsDsCDs3. For high pressures



of C¢DsCDg, or any reagent gas, the performance of the ion trap deteriorates, which is apparent
as a substantial decrease in ion intensity, even in the absence of a reaction.

The results in Figure 4 demonstrate that reaction (4) is observed for An = U, but not for
An = Np or Pu. The peak at 415 m/z in the mass spectrum for reaction of PuO3;(NO3), with
toluene at the higher pressure (Figure 4c, spectrum on right) corresponds to PuO,(OH)(NO3), ,
but the very low absolute intensity renders this apparent minor reactivity results as inconclusive.
Assigning the minuscule peak at 415 m/z as the experimental detection limit, it is concluded that
with toluene both NpO3(NO3), and PuO3(NO3), are both at least 500 times less reactive than
UO3(NO3), .

It should be noted that UO3(NO3), exhibits some reactivity with background gases in the
ion trap. From Figure S2 it is apparent that the intensity of the UO,(OH)(NO3), product peak is
ca. 15% of the intensity of the UO3(NO3), peak after 10 s reaction with background gases in the
trap. Although the source of hydrogen atoms is not known, water is excluded because
abstraction of an H atom from H,O by UO3(NO3), is computed to be endothermic by ~30
kJ/mol. Neither NpO3(NO3), nor PuO3(NOg3), exhibited detectable reactivity with background
gases in the ion trap (Figure S2). In parallel with the results for the reactions with toluene, it is
apparent from reaction with indeterminate background gases that UO3(NOgs), is much more
efficient at H-atom abstraction than are the corresponding Np and Pu complexes.

The computed structures for the AnO,(OH)(NOs3), products of reaction (4) are shown in
Figure S3 (geometrical parameters are given in Table S1). These are An(VI) anion complexes
having an actinyl(V1) moiety coordinated in the equatorial plane by two nitrate ligands and one
hydroxide ligand. The computed energies for reaction (4) are in Table 3. Although the reaction
is predicted to be exothermic for all three AnO3(NOs), , it is moderately (by 16 kJ/mol) more so
for An = U versus An = Pu, and significantly more so (by 24 kJ/mol) for An = Pu versus An =
Np. These comparative energetics closely parallel those for reaction (3). The result that among
the three AnO3(NOg3), complexes, reactivity with toluene is observed only for An = U reinforces
the conclusion that this complex can be characterized as distinctly U(V1). Although both the
uranium and plutonium complexes have An-O’ radical bonds and formal oxidation states of
An(V1) it would appear that the Pu-O" bond is less susceptible towards activation, particularly
conversion to a Pu-OH moiety, than is the U-O" bond. The overall reactivity results suggest
some higher oxidation state character in the case of PuO3(NOs), , and Np(VI11) in NpO3(NO3), .
The difference between UO3(NO3), and PuO3(NO3), , notably the apparently greater stability of
the latter that may be due to an accessible Pu(V11) oxidation state, is not readily apparent from
the very similar structures of the two complexes. The experimental observations suggest that
whereas it is a distinct single U-O" bond, there may be some partial character of a higher bond
multiplicity in the “Pu-O™ moiety.

The different bonding properties in the An-Ogq bonds thus appear related to the potential
involvement in a further chemical bond of the non-bonding electrons of the AnO,?* core in the
AnO,(NO3); complex. In the case of An=U, the absence of non-bonding electrons in this core
prevents the formation of a further U=0 double bond. In the case of An = Np, the presence of

10



one non-bonding electron in this core, that is furthermore relatively easy to engage in a chemical
bond or even withdraw, as indicated by a relatively low Np(V11/V1) reduction potential, leads to
the formation of a further Np=0 double bond, and thus to Np(VI1). In the case of An = Pu, two
non-bonding electrons are present in this core; it is however harder to engage one of them in a
chemical bond, as indicated by a somewhat higher Pu(\V11/V1) reduction potential, with the result
that Pu is not further oxidized and only a single Pu-O" multiple radical bond is formed.

Summary and Conclusions

Gas-phase actinyl(VI) nitrate anion complexes, AnO,(NOs3); (An = U, Np, Pu), were
produced by ESI of actinyl nitrate solutions. Energetic CID fragmentation of these complexes
results in elimination of NO, to yield AnO3(NO3), . In the AnOs" core of these anion products
the actinide oxidation state is conceivably An(VI1). The higher yield of NpO3(NO3), suggests
that the oxidation state is Np(VII) whereas it is An(VI) in the U and Pu complexes. Computed
structures and spin configurations are in accord with this interpretation. The NpOs* core can be
considered as neptunyl with an equatorial Np=O double bond, whereas the UO3" and PuOs"
cores are actinyls, each of them with an equatorial An-O" bond. The result that radical O
oxidizes Np(VI) but not Pu(V1) is in accord with the higher reduction potential for Pu(VII/VI)
versus Np(V1I/VI). As expected, it is impractical to attain the U(V1I) oxidation state.

Whereas UO3(NO3), and PuO3(NO3), spontaneously chemisorb NO, to regenerate the
stable actinyl(\V1) nitrate complexes, NpO3(NO3), does not, in accord with the assignment of the
latter as a stable Np(VII) complex. Computed energetics for NO, chemisorptions parallel
observed reactivities, with the energy for the Np complex being the least favorable. The
reactions of AnO3(NOs3), with toluene, an effective H-atom donor, are predicted to
exothermically yield AnO,(OH)(NOg3), for An = U, Np and Pu. The H-atom abstraction
reaction is observed for An = U, but not for An = Np and Pu; the computed energetics are most
favorable for An = U and least so for An = Np. These observed reactivities and computed
energetics suggest that in the AnO3(NO3), complexes the oxidation states are distinctly U(VI)
and Np(VII). In PuO3(NOs3), , it may be primarily Pu(\V1) with some contribution from Pu(VI11).

A particularly significant result is the attainment of an elementary gas-phase species
containing Np(VI1). This reveals that heptavalent Np can be prepared absent stabilizing effects
in condensed phase environments. The results indicate that in AnOs" a radical O" atom oxidizes
Np(VI) to Np(VI) but not Pu(VI) to Pu(VII), in accord with the higher Pu(VII/VI) versus
Np(VI1I/VI) reduction potential. This is a case of the nature of elementary gas-phase complexes
revealing fundamental actinide chemistry.

Supplemental Information

ESI mass spectra for the uranyl, neptunyl and plutonyl nitrate solutions. Mass spectra acquired
after reactions of AnO3(NO3), with background gases in the ion trap. Computed structures and
geometrical parameters of the AnO,(OH)(NO3), complexes.
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Figure 1. Mass spectra for CID of the three AnO,(NO3); complexes indicated in red: (a) An =
U; (b) An = Np; (c) An = Pu. The three spectra were acquired under the same conditions. In all
cases the dominant product is AnO3(NOgs), from reaction (2). The minor peak identified with an
asterisk in (c) corresponds to PuO2(NOgs), . No other significant peaks appeared in the CID
spectra.
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AnO,(NO,)," AnO,(NO,),”

Figure 2. Computed structures of AnO,(NO3); and AnO3(NOg3), (An = U, Np, Pu). The bond
distances a, b, a", b” and c are given in Table 1.
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Figure 3. Mass spectra acquired after reaction of isolated AnO3(NOs), indicated in red with
NO, at the same pressure but different reaction time t: (a) An=U,t=0.05s; (b) An=Np, t=
10 s; (¢) An = Pu, t = 0.55s. The product of reaction (3) is apparent in (a) and (c) but not (b).
The minor peaks at 1 m/z higher than the reactant peaks in (a) and (c) are assigned as
ANnO,(OH)(NOs), ; the source of the H atoms is indeterminate but could be HNO,, which is a
facile H-atom donor.
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Figure 4. Mass spectra acquired after a 10 s reaction time of isolated AnO3(NOg3), denoted by
red arrows with deuterated toluene (C¢DsCD3) at a lower (left spectra) and higher (right spectra)
reagent pressure: (a) UO3(NO3)2 ; NpO3(NO3), ; PuO3(NOs3), . Only UO3(NO3), abstracts a
D-atom to yield UO,(OD)(NOs3), (+2 m/z); this primary product rapidly exchanges with
background H,O in the ion trap to yield the dominant UO,(OH)(NOg3), (+1 m/z) ultimate

product.
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Figure 5. Mass spectra acquired after a 250 ms reaction time of isolated UO,(OD)(NOs3), (red
arrow) produced without applying a delay. The CgDsCD3 pressure is the same as for the low-
pressure spectra in Fig. 4. The conversion of UO2(OD)(NO3), to UO,(OH)(NO3), reveals that
exchange with background H;O in the ion trap occurs on a faster time scale than D-abstraction

from CeDsCD:s.
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Table 1. Computed bond distances (A) for the complexes in Figure 2.

An02(NO3)37 AnOS(NOB){
a b a’ b’ c

U 1.75 248 |1.76|2.48-2.53|2.12
Np 1.74 246 | 1.74|2.47-2.51|1.82
Pu*| 171 246 |1.72|2.47-2.51|2.08
& Taken from reference 24.

Table 2. Computed An-O vibrational frequencies (cm™)?
An02(NO3)37 AnO3(N03)27

V1 V3 vi | v3 | V[AN-Og]
U | 924 | 996 |901 | 967 463
Np | 917 | 1007 | 904 | 966 774
Pu | 906 | 1014 | 885 | 984 432
vy and vs are the actinyl O=An=0 symmetric and asymmetric modes, respectively. v[An-Og] is

the frequency of the equatorial An-O (Np=0) vibrational mode.

Table 3. Computed energies (kJ/mol) for reactions (2), (3) and (4).

U Np Pu

Reaction (2) 294 | 247 | 282
An03(N03)27 from AnOZ(N03)37

Reaction (3)° —294 | —247 | —282
Addition of NO;, to AnO3(NO3),

Reaction (4) —86 | —46 | —70
H-abstraction from CsHsCHs

 These are simply the opposite of reaction (2) energies.
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The heptavalent oxidation state of neptunium has been achieved in a gas-phase coordination
complex. AnO3(NO3), (An = U, Np, Pu) are nitrate-coordinated AnOs" cores. Addition of NO;
to yield AnY'O,(NOs); indicates UY' and Pu"' in AnOs;*, with An-O" radical bonds.
Contrastingly inert character of NpO3(NOs), ™ supports computations showing Np¥" in the NpOs*
core. Oxidation of Np"' but not Pu¥' by an O’ radical indicates intrinsically greater stability of

Np“" versus PuV".
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