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Abstract

Uranium trioxide, UQs, has a T-shaped structure with bent uranyl, UO2?*, coordinated by an
equatorial oxo, O?. The structure of cation UOz* is similar but with an equatorial oxyl, O*. Neutral
and cationic uranium trioxide coordinated by nitrates were characterized by collision induced
dissociation (CID), infrared multiple-photon dissociation (IRMPD) spectroscopy, and density
functional theory. CID of uranyl nitrate, [UO2(NOz3)s]  (complex Al), eliminates NO2 to produce
nitrate-coordinated UOs*, [UO2(O%)(NOs)2]" (B1), which ejects NOs to yield UOs in
[UO2(O)(NO3)]" (C1). Finally, C1 associates with H20 to afford uranyl hydroxide in
[UO2(OH)2(NO3)] (D1). IRMPD of B1, C1 and D1 confirms uranyl equatorially coordinated by
nitrate(s) along with the following ligands: (B1) radical oxyl O™; (C1) oxo O%; and (D1) two
hydroxyls, OH". As the nitrates are bidentate, the equatorial coordination is six in Al, five in B1,
four in D1 and three in C1. Ligand congestion in low-coordinate C1 suggests orbital-directed
bonding. Hydrolysis of the equatorial oxo in C1 epitomizes the inverse trans influence in UQOs,
which is uranyl with inert axial oxos and a reactive equatorial oxo. The uranyl vs IR frequencies
indicate the following donor ordering: O% [best donor] >> O~ > OH" > NOg".



Introduction

Uranium chemistry is dominated by the hexavalent oxidation state afforded by the linear
uranyl dication, which possesses highly stable axial oxo bonds, [Oyi=U=0y]?*, that are
progressively weakened by increased equatorial coordination.> 2 Lower U=0yi bond strength is
indicated by longer bond length, red-shifting of the characteristic uranyl v2 and vs stretch
frequencies, and enhanced reactivity.3** A particularly elementary uranyl coordination scenario is
a single equatorial oxo-ligand, O%, which yields neutral UOsz that can alternatively be designated
as “uranyl oxide”.t Uranium trioxide is a vapor species under high temperature conditions, making
the gas-phase reactivity of UOz particularly relevant to nuclear material processing and mishaps.*?
13 The T-shaped structure of UOs has been confirmed by IR spectroscopy in inert matrices,
validating the description as bent UO2?* coordinated by equatorial O% .24 The Cay structure of
UOs contrasts with typical Dsn transition metal trioxides with three equivalent oxo groups.*®2° All
three oxo groups in UOs have large bond dissociation energies (BDEs):?> 22 BDE[U-O] = 758
kJ/mol; BDE[OU-O] = 750 kJ/mol; and BDE[O2U-O] = 603 kJ/mol. The first two correspond to
very strong axial U=Oyi, while the third is associated with the weaker equatorial U=0Oeq, a
relationship that makes UQOs a prototypical case of the actinide inverse-trans effect.?®> The BDEs
for oxide cation XO* and neutral XO are related by ionization energies (IEs): BDE[X*-O] =
BDE[X-0O] — (IE[XO] — IE[X]). This relationship provides the following BDEs for uranium oxide
cations:?% 24 BDE[U*-O] = 774 kJ/mol; BDE[OU*-O] = 741 kJ/mol; BDE[O2U*-O] = 172 kJ/mol.
The similarity between the BDEs for neutral and cationic UO%* and UO2%* reflects that ionization
removes a non-bonding electron. In contrast, hexavalent uranium in UQOs is in its highest oxidation
state, such that a bonding electron is ionized, with as a consequence that the BDE for the disrupted
bond in UOs* is greatly reduced, from 603 kJ/mol for UOs to 172 kJ/mol for UOs*. The structure
of UOs* has not been determined, but is predicted to be T-shaped like neutral UOs, though with an
equatorial oxyl, U-O’eq.?® Such a switch from U=0eq in UO3 to U-O%q in UOs* is consistent with
the corresponding drastic decrease in BDE. Although these structures and bonding concepts for
UQOs and UOs* are in accord with known thermodynamics, there is no direct characterization of
the postulated oxyl in UOs™.

Solid uranium trioxide, UOs(s), exhibits six allotropes and is important in nuclear fuel
cycles.?628 Although the allotropes are not simple assemblies of molecular UOs, the structures do
exhibit characteristics of uranyl moieties equatorially coordinated by oxygen.?% 3° Hydration of
solid UOz under ambient conditions ultimately forms minerals such as shoepite.3: 32 A key
consideration for UOz3(s) behavior is kinetics for transformation of its hydrate UOs(H20) to
hydroxide UO2(OH)2.333 Hydroxides such as found in minerals are thermodynamically more
stable than hydrates of uranium trioxide,3 but mechanisms of the hydrate-to-hydroxide
transformations on timescales shorter than geological and thus more relevant to material storage
and processing are poorly understood.®

Although uranyl coordination chemistry is studied primarily in condensed phases, gas-
phase complexes reveal intrinsic character, such as Oy reactivity, unperturbed by solvent or
lattice.> Whereas hydration/hydrolysis of solid UOs is an inherently complex phenomenon, the



analogous bimolecular association of UOs and H20 is relatively straightforward, yielding a
discrete hydrate, UO3(H20), or hydroxide, UO2(OH)2. The reaction of gas-phase UOs and H20
has not been directly examined, but the enthalpy to form UO2(OH)2 by this process is assigned as
-239+3 kJ/mol from high-temperature equilibria, and assuming the hydrate does not remain intact
under the experimental conditions.*%-4? As an alternative to investigating hydrolysis of bare neutral
UQs, complexes of UOs coordinated by nitrate anions provide a net charge that can be employed
for manipulation and detection using electric and magnetic fields. Nitrate ligands furthermore
support formation of new metal-oxygen bonds upon elimination of NO2 by collision induced
dissociation (CID), such as in reactions (1a) and (1b). In these reactions the initial metal oxidation
state is Y, with no change to oxidation state in reaction (1a) where an M-O* oxyl bond is formed,
but an increase in oxidation state to Y+1 in reaction (1b) with formation of a M=0 oxo bond. Such
nitrate dissociation has been employed to assess a variety of metal oxidation states,** #* including
stabilities of +I11 versus +IV for several f-elements,*® and the +V state of Pr, Cm, Bk and Cf.46.47

(1a) [M"*(NOs3)y+1]T — [M"(O")(NOs)y]" + NO2

(1b) [MY*(NO3)y+1]" — [MO+D+(O)(NO3)y]" + NO2

Electrospray ionization (ESI) of uranyl nitrate has been shown to generate various gas-
phase uranium complexes, including species A-D in Table 1,* which are interrelated by reactions
(2)-(4). A focus of the present work was characterization of these species and reactions, with
considered isomers in Table 1:

(2) A - B+NO2
(3) B - C+NOs
(4 C+HO0—- D

Isomers Al, B1, C1 and D1 are uranyl coordinated by nitrate and: oxyl O in B1; oxo O% in C1;
or hydroxo OH in D1. In both B2 and C2 a nitrate is replaced by nitrite, with the liberated O
combining with oxyl O to yield superoxide Oz in B2, or with oxo O? to yield peroxide O2% in
C2. Isomer D2 is the hydrate alternative to hydroxide D1.

Isomers Al and B1 were previously established as actual structures of A and B by
Groenewold et al.*® The serial CID pathways of [UO2(NOs)3]- and related species, and the relative
energies of rearrangement and fragmentation reactions, were recently revisited in greater detail.*°
A primary goal of the present work was to employ infrared multiple-photon dissociation (IRMPD)
spectroscopy, in conjunction with density functional theory (DFT), to assess the structures of C
and D, which resulted in identification of isomers C1 and D1. The particular importance of the
present work is that it provides important experimental benchmarks to confirm CID pathways, and
for interpretation of vibrational frequencies for specific equatorial ligands. Given the assignment
of specific isomer structures, the specifically observed reactions are (2')-(4'), which correspond to
the following transformations of the nitrate-coordinated moieties: UO2?* (A1) — UQOs* (B1) —
UQOs3 (C1) — UO2(OH)2 (D1). Measured red-shifts for the uranyl asymmetric stretch frequency vs
reveal relative donor ligand strengths as greatest for oxo O% in C1, intermediate for oxyl O™ in B1



and hydroxyl OH"in D1, and least for nitrate NOs™ in Al. Hydrolysis reaction (4) reveals activation
of the equatorial oxo, U=0eq, in contrast to the inert axial oxos, U=Oy.

(2") Al — B1+NO>

(3) B1 —» C1+NOs

(4) C1+H0—- D1

Experimental Methods

CID and Reactivity

Experiments were performed using an Agilent 6340 quadrupole ion trap mass spectrometer
(QIT/MS) with a standard ESI source located inside a radiological containment glovebox as
described elsewhere.’! Complex 4, UOu1N3z", was produced by ESI of ~100 pM UO2(NOz)2
dissolved in ethanol (<10% water). Anion complexes were isolated and subjected to low-energy
CID conditions involving multiple energetic collisions between the ions and helium to induce
dissociation. The applied CID voltage is an instrumental parameter that was adjusted for different
species to provide substantial dissociation while retaining a significant fraction of the
undissociated precursor complex. The background H20 pressure in the ion trap is estimated as
~107° Torr, while the He buffer gas pressure is constant at ~10~* Torr.%? lon-molecule reactions
of CID products with background water are observed if exothermic and kinetically favorable.
Anion mass spectra were acquired using the following parameters: ESI flow rate, 60 pL min™;
nebulizer gas pressure, 13 psi; capillary voltage, 4800 V; end plate voltage offset, =500 V; dry gas
flow rate, 5 L/min; dry gas temperature, 325 °C; capillary exit, —112.5 V; skimmer,—46.2 V;
octopole 1 and 2, —12.0 and —1.60 V; octopole RF amplitude, 183.3 Vpp; lens 1 and 2, 8.3 and
94.0 V; trap drive, 63.9.

IRMPD Spectroscopy

The IRMPD experiments employed a Bruker AmaZon Speed ETD QIT/MS at the Free Electron
Laser for Infrared eXperiments (FELIX) Laboratory, using procedures described previously.53 54
The characteristics of this QIT/MS are generally similar to that used for reactivity studies described
above. Complex A was generated by ESI as described above, complexes B and C were produced
by CID as reported below, and complex D was formed by association of complex C with
background water in the ion trap. IRMPD action spectra of complexes B, C and D were acquired
by monitoring frequency-dependent photodissociation of a mass-selected ion. To accomplish
photodissociation, the QIT/MS has been modified such that the high-intensity tunable FELIX
infrared beam can be directed into the ion packet, resulting in appreciable multiple-photon
dissociation when the laser frequency is in resonance with an adequately intense vibrational mode
of the mass-selected complex. IRMPD spectra were generated by plotting the

precursor

quantity —In [ ] corrected linearly for variations in laser power, as a function of

fragments + precursor

IR wavenumber.>® The laser produces infrared macropulses having a typical energy of ~40 mJ and
a total duration of ~5 us and are comprised of a sequence of ~1 ps micropulses at 1 GHz. For the
experiments reported here, the laser wavelength was tuned in the approximate range 5.9 - 17 pum.
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Computational Methods

The potential energy surfaces of all the complexes under study were explored at a scalar-relativistic
density functional theory (DFT) level. We have selected the widely used B3LYP hybrid
functional®® because it gives very good agreement between the IRMPD spectrum and the
vibrational spectrum calculated for the A1 complex. Note that the description of the electronic
structures of actinide complexes with hybrid exchange-correlation functionals usually provides a
significant improvement over pure DFT functionals, and that B3LYP was already found to be quite
accurate in the work of Groenewold et al.,*® and the work of Bubas et al.,>° both of which
considered some of the same complexes as in the present study. For the U atom, the small-core
scalar-relativistic ECP60MWB energy-consistent pseudopotential®’ was used to mimic the role of
the core electrons of the U center and implicitly account for scalar-relativistic effects, together
with the (14s13p10d8f6g)/[10s9p5d4f3g] contracted basis set.® For the other atoms, all-electron
Triple-Zeta-Valence basis sets with Polarization and Diffuse basis functions were used:>%  def2-
TZVPD, i.e. (12s7p3d1f)/[6s4p3d1f], for O and N, i.e. (5s2p)/[3s2p], for H. The relative energies
of all the optimized species and the IR linear absorption frequencies were obtained at the same
level. All calculations were performed using the Gaussian 09 program package.®* The infrared
absorption spectra, covering the whole experimental spectral range from 600 to 1700 cm™, were
simulated from calculated harmonic frequencies with a scaling factor of 0.978 (derived by best
matching the computed and experimental spectra of the Al species). The calculated frequencies
and intensities were convoluted assuming a Lorentzian profile with a full width at half maximum
of 15cm™.

Results and Discussion
Observed Reactions

Negative ion mode ESI of uranyl nitrate solution produced an abundance of complex A,
UO11N3s" (m/z = 456; ESI mass spectrum shown in Figure S1). Complex A was isolated and
subjected to CID to provide the mass spectrum shown in Figure 1a, where the primary process is
reaction (2), elimination of NO2 from A to yield B, UOgN2" (m/z = 410). Also apparent in Figure
la is a minor peak corresponding to D, UO7H2N" (m/z = 366), which evidently results from
secondary fragmentation reaction (3), B-to-C, UOsN- (348 m/z), followed by water-addition
reaction (4), C-to-D. As B was produced in sufficient yield to isolate for secondary CID, the
sequence, B-to-C-to-D, was confirmed as shown in Figure 1b: CID of B produces C by reaction
(3), which then yields D by association reaction (4). The results in Figure 1 demonstrate CID
reactions (2) and (3), and ion-molecule reaction (4). In contrast to water addition to C apparent in
Figure 1, none of the other species resulted in additional peaks that would indicate a similarly
facile water addition process.



Identification of Isomers by IRMPD

The CID results in Figure 1 provide evidence for complex compositions but do not directly
reveal their structures. Accordingly, IRMPD spectroscopy along with DFT computations were
conducted to provide evidence for structural assignments. Predicted isomer structures are
summarized in Table 2, with additional details in Figures 2-6 and the SI. For D1 two very similar
structures with Cz and Cs symmetries are separated by 0.7 kJ/mol, with only the lower-energy C:
conformer explicitly considered as the two are not effectively differentiated by IR spectroscopy.

The computed structure of A1, [UO2(NOa)s], is essentially as previously reported,®? and
subsequently confirmed as the actual structure of A using IRMPD.*° Evidence was also presented
previously that B1 is the structure of B,*° an assignment substantiated here by the IRMPD spectrum
in Figure 2. For all reported DFT spectra a scaling factor of 0.978 is applied and the peaks are
broadened to fairly resemble the IRMPD resolution. Although better agreement might be obtained
by fine-tuning the DFT scaling factor, such empirical adjustment would not refine the assessments,
because the key comparisons between DFT and IRMPD are not for absolute peak frequencies but
rather for patterns and peak separations. Clear-cut structural conclusions can thus be made, despite
imperfect agreement between the experiment and uniformly scaled harmonic frequency
calculations of different putative isomers. Diagnostic spectral features are provided by nitrate
(NOs) and nitrite (NOz27), which uncoordinated in solid Ne exhibit v3 vibrational modes at 1356.2
cmt and 1241.5 cm™, respectively.5® Upon coordination, the nitrate vs band splits into a low-
frequency vsaand a high-frequency vss, for NaNOz at 1336 cm™ and 1440 cmL, respectively.%* In
Figure 2, the large predicted vsa/vss splitting for B1 of 235 cm™ is in reasonable accord with the
even larger difference of 250 cm between the IRMPD peaks at 1262/1512 cm™. Similar v3a/v3s
nitrate features are expected for both B1 and B2; these nitrate features thus do not distinguish
between these isomers. Instead, B1 is assigned based on the absence of a peak for the nitrite vs
mode of B2, ~50 cm! below the nitrate vsa peak. The IRMPD results in Figure 2 indicate nitrate,
as appears in both isomers B1 and B2, but not nitrite as in B2.

The IRMPD spectrum for C is shown in Figure 3, along with computed spectra for C1 and
C2. As for B, the spectrum exhibits peaks characteristic of nitrate modes vsa and vss, as expected
for C1 but not C2. Furthermore, the absence of a nitrite vs peak at lower frequency than nitrate vaa
suggests no significant contribution from isomer C2. The two IRMPD peaks at lower energies are
assigned to the v2 and v4 modes of the UOz moiety in C1.1* The intense peak around 860 cm
predicted for the uranyl vs mode of C2 is absent. The IRMPD peaks in Figure 3 assigned to nitrate
and UOs support C1 as the actual structure.

In contrast to the isomers considered for B and C, isomers D1 and D2 are not differentiated
by a nitrite ligand, so other spectral features in Figure 4 must be invoked. The predicted nitrate vsa
and vss modes are at essentially the same frequencies for D1 and D2, with these modes for both
isomers in accord with the IRMPD peaks at 1273 cm™* and 1486 cm™. The small IRMPD peak at
1022 cm is assigned to the corresponding nitrate v1 mode, red-shifted from 1062 cm in solid
Ne.®3 Isomers D1 and D2 are distinguished by the typical uranyl UO2?* moiety in D1 that contrasts
with the distinctive UOs moiety, “uranyl oxide™, in D2. The IRMPD peak at 902 cm is assigned



to the uranyl vamode of D1. The UO3 va mode of D2, which essentially corresponds to a particular
case of uranyl v3,' would have appeared ~70 cm lower. It is not the absolute agreement of the
scaled DFT and observed uranyl vs that supports D1 over D2, but rather the overall patterns and
the frequency of vs relative to nitrate peaks. In essence, nitrate provides an internal calibration to
confidently assign the peak at 902 cm™ to D1 rather than D2.

Character of the Complexes and Donors

Having identified the structures of the complexes using IRMPD, additional computational
results are considered, with emphasis on the actual isomers Al, B1, C1 and D1. Computed
structures of all seven isomers are in Figures 5 and 6, along with selected bond distances and
angles. All structures are a core linear or quasi-linear uranyl moiety, Oyi=U=0yi, coordinated by
equatorial ligands, with each structure shown in the figures from both side-on and top-down
perspectives with respect to the uranyl moiety. Isomer Al is a linear uranyl coordinated by three
bidentate nitrates, as reported previously.*>*0 In B1, a slightly bent uranyl is coordinated by two
nitrates and an oxyl, O. The identity of the oxyl ligand is established by the spin on B1, Ms = %,
essentially concentrated on the equatorial oxygen atom considering Mulliken or Hirshfeld spin
densities, which indicates a radical O°. The oxyl character is also indicated by a U-Oeq single bond
distance of 2.127 A, which is much longer than the U=Oy distance of 1.780 A, but is close to the
U-OH distance of 2.188 A in D1. In B2, a barely bent uranyl is coordinated by a nitrate, a nitrite,
and an Oz with an O-O distance of 1.306 A characteristic of superoxide O2.%% The highly bent
uranyl in C1 is coordinated by a nitrate and oxo, O%. This assignment as an oxo in a UOs moiety
is established by net zero spin associated with hexavalent uranium and saturated oxygens; and by
a U-Oeq double bond distance of 1.881 A that is only slightly longer than U=Oy, 1.827 A, and
much shorter than both U-O'eq in B1 (2.127 A) and U-OH in D1 (2.188 A). The uranyl in C2 is
also highly bent, with coordination by a nitrite and an Oz with O-O distance 1.435 A corresponding
to peroxide 022.%° The slightly bent uranyl in D1 is coordinated by a nitrate and two hydroxyls.
Finally, D2 is essentially similar to C1 but with addition of an equatorial H20 exhibiting a long U-
Onz20 dative bond distance of 2.780 A.

As suggested above, and by inclusion in Table 2 of the UO3 v4 mode for isomer C1, this
mode essentially corresponds to the uranyl v3 stretching mode, as discussed by Gabelnick et al.'4
The v4 mode appears at 853 cm-* for UOs trapped in solid argon# and is shifted to 801 cm™ in C1.
For bare UO2?*, v has been estimated as ~1110 cm™,> which red-shifts to lower energies as the
uranyl bonds are weakened due to increasing number and/or efficacy of equatorial donors.> 7: 4% 66
The three nitrates in Al induce a large red-shift in vz, to 949 cm™.#° For D1 there is a further red-
shift to 905 cm™, coincident with U=0y bond elongation and slight uranyl bending. As two nitrates
in Al are replaced by hydroxides in D1, weakening of the uranyl bonds from Al to D1 reveals
hydroxide as a better donor than nitrate,®” a relationship similarly established in solution based on
the Raman active uranyl v2 mode.®8 The result of comparable uranyl vs frequencies for B1 and D1,
respectively 896 cm™ and 905 cmt, suggests similar donor efficacy for one O™ in B1 and two OH-



in D1. The implication that oxyl is a better donor than hydroxyl is supported by shorter bond
distances for U-O* versus U-OH.

In contrast to familiar anions like nitrate and hydroxide, efficacies of donors oxyl and oxo,
which appear in B1 and C1, respectively, are less commonly directly compared. From the
structures in Figures 5 and 6, and properties in Table 2, it is apparent that B1 is a characteristic
uranyl complex, essentially similar to A1 and D1 but with an oxyl as one of the three equatorial
ligands. In contrast, the structure of C1 exhibits substantial divergence from a typical uranyl,
including a very bent uranyl angle of 160°, long U=Oy distances of 1.83 A, and an extreme red-
shift of va—surrogate for uranyl vs—to 801 cmL. Another distinctive feature of the structure of C1
in Figure 6 is excessive crowding of the equatorial oxo and nitrate ligands towards the same side
of the equatorial plane, a situation that induces a substantial uranyl bend in the opposite direction.
This highly non-symmetrical equatorial coordination suggests orbital-oriented covalent ligand
bonding, analogous to that which induces the characteristic structure of uranyl.?®> 87 Greater
disruption of the uranyl moiety in C1 versus B1 reveals that the oxo and nitrate in C1 are more
effective donors than the oxyl and two nitrates in B1. It is thus evident that oxo is a very strong
donor, significantly stronger than oxyl. The following overall order of donor ligand efficacy is
established by the present results: oxo 022 >> oxyl O~ > hydroxide OH" > nitrate NOs".

Just as variations in uranyl characteristics like distances and vibrational frequencies reveal
disruption to its bonding, a ligand such as nitrate is similarly disturbed upon coordination. Bare
nitrate has Csv symmetry, with only slight deviation from planarity, and an IR-active fundamental
asymmetric stretch mode vs, which appears at 1356 cm™* for NOs™ in solid neon.82 Coordination of
nitrate breaks the Dsn symmetry, with resultant splitting of v3 into vaa and vsg,®* a characteristic
invoked above to interpret the IRMPD results. It has been shown that the magnitude of the nitrate
va splitting, A[vss-v3a], parallels the extent of bonding to the substrate.5* Another indicator of
nitrate disruption, and thus substrate bonding, is the angle £O-N-O defined by the two nitrate O
atoms coordinated to a metal. Nitrate parameters in Table 3 show that A[vss-vsa], and the
contraction of £O-N-O relative to the free nitrate angle of 120°, vary in concert in the following
order: Al [most distorted nitrate] > B1 > D1 > C1. This is the same sequence as for equatorial
coordination number, possibly reflecting increased nitrate distortion due to repulsion between
ligands. However, inter-ligand repulsion is evidently not the only pertinent effect as the uranyl-
nitrate bond distances (Table 2) show a similar trend: Al [shortest/strongest U-Onos bonds] > B1
> D1 ~ C1. As noted above, the uranyl vs red-shift indicates a very different order for overall
equatorial bonding: C1 [most equatorial bonding] > B1 > D1 > Al. The result that nitrate is most
deformed and strongly bound to uranyl in A1, coincident with the least overall equatorial binding,
and vice versa for C1, indicates that variations in aggregate equatorial bonding are dominated by
other better donor ligands, specifically by oxo, oxyl and hydroxyl.

Energies of Isomers and Reactions
As indicated in Table 2, B1 and B2 are at practically the same energy, with a difference of
3.0 kJ/mol that lies within computational uncertainty. However, the IRMPD results in Figure 2



show that only isomer B1 results from reaction (2), which may reflect a kinetic barrier to formation
of B2. Referring to Figure 5, transformation A1—B1 corresponds to simple cleavage of an O-NO:
bond, with the NO2 fragment ejected and the liberated O remaining bound to U. Non-observed
process Al— B2 similarly requires O-NO:2 cleavage and NO:2 elimination, but in this case the
liberated O must associate with an O from another NOs to yield bound Oz and NO2. The greater
kinetic barrier to form B2 versus B1 is consistent with the observed dominance of the latter. We
note that the energetics for decomposition of Al were recently investigated independently,>® and
the transition state for isomerization of Al to lead to isomer B2 was found to be significantly higher
than the energy required for direct formation of B1 by ejection of NO2. The current computed
energies, combined with those from previous studies, conclusively show that the formation of B2
by rearrangement of Al is not competitive.

In contrast to energetically similar B1 and B2, isomer C1 is predicted to be 103 kJ/mol
lower than C2. In addition to transformation B1—CL1 being energetically favored, the structures in
Figures 5 and 6 suggest it should be relatively facile as it corresponds to elimination of an intact
NO3 concomitant with electron transfer to reduce oxyl O to oxo O?. Alternative transformation
B1—C2 to produce NO2 and Oz ligands requires intramolecular O-atom transfer from NOs to O.
Observation of only C1 is thus consistent with both thermodynamic and kinetic considerations.

For D1, the energy difference is only 0.7 kJ/mol between symmetry Cz and Cs conformers
with respective trans and cis hydroxide orientation. These conformers are predicted to exhibit such
similar vibrational features that they are not effectively differentiated by IRMPD spectroscopy.
The species identified as D1 may thus be conformer Cz or Cs, or more likely a mixture of the two
at the ion trap temperature of ~300 K.%° Hydrate isomer D2 is computed as 117 kJ/mol higher in
energy than hydroxide D1. Isomer D2 is formed from C1 by straightforward association of H20.
In contrast, formation of D1 requires H-atom transfer from adsorbed H20 to an equatorial oxo
ligand. The lower-energy but kinetically more demanding hydroxide isomer D1 was assigned
above based on IRMPD (Figure 4).

Nitrate dissociation reactions (2') and (3') are computed as endothermic by 264 kJ/mol and
245 kJ/mol, respectively, which are energies consistent with an independent investigation of
fragmentation energetics of uranyl nitrate anions® and are in a range previously shown accessible
under comparable CID conditions.”® Hydrolysis reaction (4'), computed as exothermic by -175
kJ/mol, is pertinent to reactions of solid UOs with water. In the present study, alternative hydration
to produce D2 is computed as exothermic by only -58 kJ/mol, which may be an insufficient energy
for the hydrate to remain bound in the ion trap at ~300 K.52 % An earlier investigation® of the
reaction mechanism revealed a similar result, and placed the free energy for proton transfer to
create the dihydroxide ~12 kJ/mol above D2, and ~7 kJ/mol below the energy of C1+H20. The
computed energy of reaction (4') is much less negative than AH??® = -239 kJ/mol reported for
hydrolysis of bare uranium trioxide—UOs + H20 — UO2(OH)2.4? The disparity is even larger
relative to AH?® = -171 kJ/mol for reaction (4'). The disparity between the bare and ligated
complexes may reflect weaker U-OH bonds in D1 due to donors reducing the positive charge on
uranium. For both bare UO3 and C1, as for solid UOs, hydrolysis is thermodynamically favored
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relative to hydration. This propensity for hydrolysis is characteristic of the equatorial oxo and
contrasts with most uranyl compounds, such as inert uranyl nitrate.”*

Distinctive hydrolysis of the equatorial oxo in C1 captures a fundamental characteristic of
uranium trioxide chemistry. In Figure 1b no peak is apparent at 384 m/z, which would correspond
to addition of another H20 to D1 by hydrolysis of a uranyl oxo bond. It is well established that
U=0y bonds are generally resistant to such activation.”? The inert character of the uranyl moiety,
particularly towards hydrolysis, is reflected in the prediction that hydrate [UO2(H20)]?* is 94
kJ/mol lower in energy than hydroxide [UO(OH)2]?*.”® The contrasting character of the
hydrolysable equatorial oxo versus inert axial oxos in uranyl complex C1 reveals the essential
nature of the constituent UOs moiety, as well as that of solid UOs. lon-molecule reaction (5)
between B1 and toluene was previously reported.”* Although the oxyl ligand in B1 is resistant to
hydrolysis such as occurs for the oxo in reaction (4"), exothermic reaction (5) demonstrates that
the oxyl can convert to hydroxide by abstracting a suitably reactive H atom. Whereas reaction (4")
to yield dihydroxide is diagnostic for an equatorial oxo, reactions like (5) to yield monohydroxide
serve as diagnostic for oxyl.

(5) [UO2(O")(NOs3)2]" (B1) + CeHsCH3 — [UO2(OH)(NO3)2]” + CeHsCH2*

Conclusions

Transformations and key properties of the complexes derived from reactivity, IRMPD
spectroscopy and DFT calculations are summarized in Figure 7. Dissociation of uranyl nitrate A1
([UO2(NO3)3]’) produces uranyl oxyl nitrate B1 ([UO2(O%)(NOs)z]"), followed by uranyl oxo nitrate
Cl (JUO2(O)(NOs)]). Exothermic addition of water to C1 results in hydroxide D1
([UO2(OH)2(NO3)]"). As in bare UOs3, the equatorial U=0eq 0x0 bond in C1 is longer than the axial
U=0yi oxo bonds; also, the equatorial oxo hydrolyzes to hydroxo, whereas the axial oxos are inert.
The equatorial U-Oeq 0xyl bond in B1 is much longer and weaker than oxo bonds, but it does not
hydrolyze. In all four complexes, weakening of axial U=Oy bonds due to equatorial donors is
revealed by red-shifting of the uranyl vs asymmetric stretch, which is particularly pronounced for
the “strong but reactive” equatorial oxo in C1. Excessive congestion of the equatorial oxo and
nitrate ligands in C1 furthermore suggests significant covalent bonding of the oxo and nitrate
ligands. Overall, the uranyl vs frequencies and U=0y distances provide the following order of
uranyl bond weakening due to equatorial donors: oxo O? [most uranyl weakening/strongest
donor] >> oxyl O > hydroxide OH" > nitrate NOs".

Donor effects indicate U=Oyi bond weakening with decreasing positive charge on uranium.
Plotted in Figure 8 are bond distances for neutral, cationic and anionic UOs,?> 7 as well as for
nitrate-coordinated UQOs. For the bare trioxides, the U=0y bond is shortest/strongest in UOs*,
intermediate in UOs, and longest/weakest in UOs", substantiating the general expectation that
lower positive charge on U results in weaker bonds to O. The U=0y distance in B1, lying between
those for UOs* and UQs, supports characterization of B1 as UOsz* with the positive charge
moderated by the donor nitrates. Similarly, the U=Oy; distance in C1, between those for UOs and
UQOs, indicates UOs with a fractional negative charge. Whereas the U=0y distances in Figure 8
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vary gradually, the oxyl U-O’eq bonds in bare cation UOs* and complex B1 are much longer than
all of the reported oxo bonds. These correlations between bond distances and charge suggest that
weakening of the uranium-oxygen bonds is dominated by electrostatics rather than covalency.

Sensitive gas-phase approaches can elucidate chemistry of scarce and radioactive elements.
Experiments reported for transuranium actinide (An) trioxides, AnQg, are very limited, such as to
mere detection of PuOz.7® Based on results here, [AnO2(0)(NO3z)]- complexes offer a means to
reveal essential characteristics of the constituent AnOs moiety. Like UOs, NpOs and PuOs are
predicted to be actinyl(V1) coordinated by an oxo, An=0eq. In contrast, later actinides may instead
be actinyl(V) coordinated by an oxyl, An-Oq.”” ® These two types of AnOs could be
differentiated by characteristic reactivity such as demonstrated for UOz here and previously,’ to
wit hydrolysis of An=0e¢q to An(OH)2 versus reduction of An-O‘e to An-OH. Curium, at the
middle of the actinide series, is key to understanding earlier and later members. Essential
characteristics at this “turning point” appear in the prediction of three CmO3 isomers/oxidation
states within ~35 kJ/mol:"® oxo superoxide, Cm"'O(O2); oxo peroxide, Cm'VO(Oz2); and actinyl(V)
oxyl, CmVO2(O"). Determination of the actual nature of CmOz and other key species would provide
insights into properties and trends across the actinide series that may not be accessible using
conventional bulk-scale synthesis and characterization approaches.

Supporting Information
ESI mass spectrum of uranyl nitrate. Geometrical coordinates and energies for the computed
structures.
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Table 1. Complex compositions and isomers

Composition Isomer Uranyl
coordination
A | UOuNs | Al [UO2(NO3)s] Nitrate
B | UOsN2 | Bl [UO2(O*)(NO3)2] Oxyl & nitrate
B2 | [UO2(NO3)(NO2)(O2)] | Nitrate, nitrite & superoxide
C| UOeN | C1 [UO2(O)(NO3)] Oxo & nitrate
Cc2 [UO2(NO2)(O2)] Nitrite & peroxide
D |UO7H2N" | D1 | [UO2(0OH)2(NO3)] Hydroxide & nitrate
D2 | [UO2(0O)(NO3)(H20)] Oxo, nitrate & hydrate

Table 2. Isomer energies, frequencies, bond distances and angles.

Isomer (symmetry) AE/ Frequency® Bond distance (A)° Angled
CNeqa IRMPD | DFT U-Oy| U-Oeq U-Onos OyI-U-OyI
Al (Dsn) GS/ 949 924 | 1.766 - 2.503 180.0°
[UO2(NO3)s] 6
B1 (C) GS/ 896 904 | 1.780 | 2.127 | 2.532 178.9°
[UO2(O7)(NOs3)2] 5
B2 (Cs) 3.0/ - 922 | 1.774 | 2.382 | 2.526 179.5°
[UO2(NO3)(NO2)(02)] 6
C1 (Cy) GS/ 801 813 | 1.827 | 1.881 | 2.579 160.0°
[UO2(O)(NO3)] 3
C2 (Cy) 103.2/ - 865 | 1.800 | 2.158 - 166.5°
[UO2(NO2)(O2)] 4
D1 (Cz; Cs) GS;0.7/| 905 895 | 1.789 | 2.188 | 2.576 177.9°
[UO2(OH)2(NO3)] 4
D2 (Cy) 117.2/ - 824 | 1.821 | 1.918 | 2.581 164.0°
[UO2(0)(NOs)(H20)] 4

2 Energy is relative to ground state in kJ/mol. CNeq is the equatorial coordination number.

®In cm! for uranyl vs or UOs v4 for C1. DFT values are scaled. A1 from Groenewold et al.*®
€ Oeq is O, O2 or OH. Average if more than one NO3 distance.
d The uranyl moiety in C1, C2 and D2 is substantially bent away from the equatorial ligands.
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Table 3. Nitrate frequencies, bond distances to uranium, and angles.

Isomer vaa? | vag? | Afvas-vaa]? | 20-N-OP | d[U-Onos]®
AL| [UOANOws] | 1273 |1537| 264 1148 | 2503
B1 | [UO2(O)(NOs)o] | 1262 | 1512 | 250 115.1° 2532
C1| [UO-(O)(NO3)| | 1275 | 1465 190 1164° | 2.579
D1 | [UO2(OH)(NO3)] | 1273 | 1486 | 213 116.1° 2576

2 Nitrate vs mode split into vsa and vss as determined experimentally 564 A1 values are from
Groenewold et al.*®

b Angle O-N-O for the two nitrate O atoms coordinated to uranium.

¢ Uranium-nitrate distances (A); average if more than one distance.

16x10% 7 (5
(a) .
-NO, A
/\ ‘
8x103 ;
§+H20 -NO,
- — // \4
®
g o0 c D
£
c
o b : : :
= 1x103 1 (b) 5 t -NO; ]
0.5x103 - §
+H,0
"
0 k T A' T ¥ T

320 340 360 380 400 420 440 460 480
m/z

Figure 1. CID mass spectra for (a) complex A (456 m/z) to yield B (410 m/z), C (348 m/z) and
D (366 m/z); and (b) B to yield C, and D from reaction with background water (the small
unassigned peak in (b) is 377 m/z). Applied CID voltages: (a) 0.35 V; (b) 0.40 V.
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B1 B2
[UO,(0°)(NO,),] [UO,(NO;)(NO,)(0,)I

Intensity (a.u.)

800 900 1000 1100 1200 1300 1400 1500 1600

Wavenumber (cm)

Figure 2. IRMPD spectrum of B, (solid and dashed red) and computed spectra for B1 and B2,
with structures at the top (green = U; red = O; blue = N). The IRMPD peaks labeled in red
coincide with the predictions for B1. Non-observed nitrite peak for B2 is labeled in purple. The

results identify B as isomer B1.
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801 m
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Figure 3. IRMPD spectrum of C (red) and computed spectra for C1 and C2, with structures at

the top (green = U;
predictions for C1.

isomer C1.

red = O; blue = N). The IRMPD peaks labeled in red coincide with
Non-observed peaks for C2 are labeled in purple. The results identify C as
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D1 D2

[UO,(OH),(NO,)I [UO,(O)(NO,)(H,0)I
gaye — D1
—— IRMPD — D2

uo,v,

Intensity (a.u.)

700 800 900 1000 1100 1200 1300 1400 1500 1600 1700

Wavenumber (cm-?)

Figure 4. IRMPD spectrum of D (red) and computed spectra for D1 and D2, with structures at
the top (green = U; red = O; blue = N; grey = H). The predicted spectra for D1 and D2 are
essentially coincident in the range 980 — 1560 cm™. The IRMPD peaks labeled in red coincide
with predictions for D1. The non-observed UOs peak for D2 is labeled in purple. The results
identify D as isomer D1.

17



2.503

Al
[UO,(NO,),]

2.508
2.555

2.127

B1
[UO,(0°)(NO,),]

B2
[UO,(NO;)(NO,)(0,)I

Figure 5. Computed structures Al, B1 and B2, from “side” (left) and “top” (right) perspectives
with respect to the uranyl moiety (green = U; red = O; blue = N). Bond distances are A; angles
are degrees.
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Cc1

[UO,(0)(NO,)  2%¥
165.6°
1.800
166.5°,
c2
[Uoz(Noz)(oz)]'
177.99
1.789
D1
[UO,(OH),(NO,)I

Figure 6. Computed structures C1, C2, D1 and D2, from “side” (left) and “top” (right)
perspectives with respect to the uranyl moiety (green = U; red = O; blue = N; grey = H). Bond
distances are in A. For D1 the shown C: structure has trans OH groups; in the Cs conformer 0.7

kJ/mol higher energy they are cis.
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D1/ U0

B1/UO,(0O°)

AE =-175

+H,0 kJ/mol

Uo,v,
=801 cm?

C1/U0,(0)

Figure 7. Summary of transformations Al—-B1—C1—DJ1. Structures are viewed parallel to
uranyl, Oyi=U=0y, with equatorial (e) and axial (yl) O atoms indicated. The second Oyi in C1 is
not fully eclipsed. Distances are A; angles are degrees. Green = U; red = O; blue = N; grey = H.
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Figure 8. Axial and equatorial uranium-oxygen distances, U-Oyi (blue) and U-O¢q (green) for
UQOs in different charge states and complexes, computed at comparable theory levels (UOs and
UOz* from Vasiliu et al.;?® UOs™ from Michelini et al.;”> B1 and C1 from this work).
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