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A Density Functional Study of the Various Forms of UN;O;, Containing Uranyl Nitrate

Joel J. Berard, Grigory A. Shamov, and Georg Schreckenbach*
Department of Chemistry, Usrsity of Manitoba, Winnipeg, Manitoba R3T 2N2, Canada
Receied: May 14, 2007; In Final Form: July 30, 2007

In this paper we report the computational results of a density functional study of 7Q,bilomers containing

uranyl nitrate, UQ(NOg),, as a component. The isomers are grouped into three categories and 19 types.
Forty-four isomers of 14 types are dinitrogen tetroxide adducts of uranyl nitratgN@g),*N.O4, 22 are
nitrosonium salt adducts of uranyl nitrate, NIBO,(NOz);~, NOTUO,(NO3),O(NO,)~, NOTUO,(NO;),(ONOOY,

or (NOM),UO,(NO3),0.,%~, and 7 are bis(nitrogen dioxide) adducts of uranyl nitrate ;(MQs),:2NO,. The

22 most stable isomers in solution, representing the 20 most stable gas-phase isomers, were selected for
analysis. Of these selected structures only two categories and six types were represented. Structures, frequencies,
gas-phase and solution energetics, atomic charges, dipole moments, and the bonding with®, theitN

and between NOand UGQ(NOz);~ components have been analyzed in detail. On the basis of relative Gibbs
free energy calculations five isomers (theQy adductsal, a2, anda3 and the nitrosonium saltsl andb?2)

were identified as strong candidates to exist and possibly predominate in the gas phaa#anih?2 being

the strongest candidates. Similarly, four isome; &5, a8, andal, all of them NO, adducts) were identified

as strong candidates to exist and possibly predominate in a honagueous solution of nitromethane/dinitrogen
tetroxide. Of thesea6 was determined to be the most likely candidate to predominate in solution. The possibility

of dissociation in solution has been addressed briefly. In addition, computational evidence for the existence
of four new NO,4 isomers20, 22, 27, and28 in both the gas and the solution phases is presented for the first
time.

I. Introduction to study experimentally. This creates an opportunity for
Gcomputational studies to supplement some of the experimental
efforts or potentially allow experimentalists to be better informed
and prepared to make time-saving decisions before proceeding
experimentally. The early actinides are among the heaviest
elements, containing 90 electrons or more. This is before
considering their molecular forms, thus often leading to very
time-consuming calculations. With the 6p, 5f, 6d, and 7s orbitals
of these elements all being relatively close in energy and spatial
extent” the possibility of entirely new bonding schemes often
exists® As well, to approach chemical accuracy (less than 2
kcal/mol) it is necessary to include electron correlation effects,
resulting from electrorrelectron interactions. Even more im-
portantly scalar and often also spiarbit relativistic effects must
be included: >

Hexavalent uranium is known to exist most often in aqueous
environments as the uranyl dicatidh® UO,2" and is thought
to combine with nitrates, when they are made available, to
form the neutral complex uranyl nitrate, Y®Os),, or one of
its hydrated forms U@{NOz3),:6H,0, UOy(NO3),-3H,0, or
UO,(NOg),+2H,0.2113 Uranyl nitrate is considered to be the
most abundant salt found in the reprocessing of spent nuclear
fuel 14

Often the topics of computational research papers are base
on existing chemical structures discovered through experimental
investigations by either trial and error methods or by the
unexpected chance of recognizing something unusual and
exploring it further. It seems that a reversal of this process may
now be possible with computational chemistry becoming poised
to supply experimental chemists with alternatives for exploring
new chemistry or for predicting the existence of new structures.
Actinide chemistry in particular with its relatively unexplored
f-element chemistry and inherent experimental challenges
currently merits further investigation, and computational chem-
istry now offers unique advantages that can often result in time
savings for experimentalists®

With the radioactive waste and groundwater contamination
that have resulted from decades of atomic weapons production
and nuclear power generation, the chemistry of the early
actinides is related to one of the most pressing environmenta
challenges of our time. Cause for concern exists if the actinides
in radioactive wastes are introduced into the environment
due to their toxicity and, in particular, due to the long half-
lives of some of their isotopes and those of their daughter

elements. - o
Furthering the understanding of the chemistry of the early Pasilis et al> recently used electrospray ionization (ESI) and

actinide elements, specifically U, Np, Pu, and Am, is among Fourier_transform ion-cyclotron resonance mass spectrom-
our main research interests. These elements have been explore@l’Y (FT-ICR-MS) to analyze the ions generated from uranyl
to a much lesser extent than those before them in the periodichitrate solutions. In particular, with a negative ion ESI-MS of
table. With all of the actinides being radioactive and most of & 95:5 CHOH/H,O solution, the three most intense peaks
them either scarce or toxic they are often found to be difficult Were assigned to [URO)(NOs)]~, [UO(O)(NOy)]~, and
[UOL(NOg)s]—, respectively. The third of these gas-phase ions

* Author to whom correspondence should be addressed. E-mail: schrecke@!S 1dentical to that of the solution-based trinitratouranylate
cc.umanitoba.ca. known to form in ketones, ethers, and alcoholic solvents and is
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an indication of competition between solvent and nitrate Il. Computational Methods
molecules for ligand coordination positions to uranyl in solu-
tiOﬂ.15’16

In the crystal structures of K[USINOg)s], Rb[UO(NO3)4],
and Cs[UQ(NOs3)3] each nitrate is found to chelate bidentately
to uranyl, forming a hexagonal bipyramid around uranfdm.
The coordination of the complex ion [UMNOs3)3] ~ is thought
to be similar in the gas phaseOther relevant structures also
include the previously investigated nitrosonium nitratometa-
lates: NO[CUu(NQ)3],’® NO[Co(NGs)3],1° NO[Ni(NO3)3],2° and
NO[Mn(N03)3 21

Furthermore, the possibility of various ionic or radical
nitrogen oxides (NO,) and oxoions (MO, NO~, NO, (NO),
N20s, NO, NO;~, NO,, N20s4, N20s, NO;*, and NQ") and Gaussian 03 (g03) All calculations used DFT with either
combining with UQ(NOs). leads to a multitude of diverse the pure generalized gradient approximation (G&A)nctional
structures existing in equilibrium. Due to their environmental PBE of Perdew, Burke, and Ernzerhof or the hybrid B3LYP
role in the chemistry of the Earth’s troposphere and stratosphereexchange-correlation (XC) functiona$®¢-4° B3LYP combines
and their links to ozone depletion and smog formation, nitrogen a nonlocal Becke and exact exchange functi®naith the Lee,
oxides have been the subject of considerable theoretical andYang, and Parr correlation functiondlVibrational frequencies
experimental work over the past decade. Nitrogen oxides, oftenwere calculated to obtain thermochemistry data, such as Gibbs
cited as NQ, are produced when fossil fuels are burned and free energies and corrections, and to verify the nature of
constitute a large portion of industrial pollution. The photodis- stationary points of optimized geometries. All p5 calculations

Only recently with advances in computing power and the
growing acceptance of DFT methods, which incorporate electron
correlation and relativistic effects, have computational chemical
investigations into intermediate size structures (containing
greater than 15 non-hydrogen atoms) involving actinide elements
become commonpladd3® With DFT implicitly including
electron correlation effects and various methods existing for
incorporating relativistic effects, in addition to the time-saving
advantages, one can see why DFT has recently become the
quantum mechanical method of choice for computational
research into actinide complexe$:31

Gas-phase calculations were performed with Priroda-5435)

sociation of NO,, for example, has aroused particular interest
in atmospheric chemist’?.As well, interactions between water

used correlation-consistent polarized valence triplee-pVTZ)
basis set8* As for g03, we used the cc-pVTZ basis set for

and N©Oy species in condensed phases also play an importantnitrogen and oxygen and the Stuttgeliresden SC-ECPbasis

role in atmospheric chemistry. In this instancegy has been
implicated in stratospheric ozone depletf@né®

The idea of computationally investigating the structural forms
of UN4O1, containing uranyl nitrate was prompted by a recent
paper by Crawford and Mayé&?.The authors make reference
to the importance of establishing whether the uranium(VI)
species of UNO;, takes on the form of an ionic or covalent
compound in solution. They go on to point out how conflicting
evidence for two structural forms of UR;, appear in the
research literature. The most commonly cited form is an adduct
of uranyl nitrate and dinitrogen tetroxide, Y®IO3)2:N2Oy,
whose thermal decomposition leads to the formation of the
important precursor anhydrous uranyl nitrate. The hydrated
complex, UQ(NOs)26H,0, is one of the most important
compounds of the plutonium uranium recovery by extraction
(PUREX) process for the separation of fission products from
uranium and plutonium fuels and a main wastewater pollutant.
The second most cited form is the nitrosonium salt, NO,-
(NOs)s~. They were able to experimentally prepare solid-state
crystals of this salt. By deposition of uranium metal turnings in
a 30:70 nitromethane/dinitrogen tetroxide (§BHD./N,O,4) solu-
tion under anhydrous conditions a precipitate was obtained from
a saturated solution at28 °C .27

The present computational work was undertaken with the aim
of establishing, if possible, the U, structure or structures
containing uranyl nitrate most likely to exist and predominate
in either an inert gas or a nonaqueous solution environment.
As a broader goal we look to show that a computational density
functional (DFT¥8 investigation into isomers of U)D;» can
provide experimentalists with a valuable list of potential
structural candidates for identification. An analysis of selected

set for uranium.

Our experience has shown that the use of pure GGA
functionals yields reasonable calculation times while providing
accurate geometry optimizations and reliable self-consistent field
(SCF) convergenceéd:*3Frequency calculations using p5 PBE
were then performed on the gas-phase p5 PBE optimized
geometries to verify that no imaginary frequencies were present.
Gibbs free energy corrections were obtained with these fre-
quency calculations. B3LYP has been shown to be more
accurate than PBE for the calculation of Gibbs free enefgi¥s,
but due to the costs of running B3LYP optimizations, we chose
to add the p5 PBE gas-phase Gibbs free energy corrections to
B3LYP single-point SCF energy results obtained for both p5
and g03 before calculating relative Gibbs free energies from
them. In Gaussian, an “ultrafine” integration grid and a “tight”
SCF convergence criteria were used to obtain single-point SCF
energies. Although this method is less than ideal, our test
calculations showed that this time-saving procedure provides a
good approximation for the comparison of relative Gibbs free
energies.

To approximate relativistic effects in Gaussian we chose to
use “small-core” effective core potentials (SC-ECPsather
than “large-core” (LC-ECPs) ones. Recently, SC-ECPs have
been shown to give a much closer agreement with experiment
for a number of molecular properties, including geom-
etries?34546 yibrational frequencie®*® and NMR chemical
shifts#4.47-49 Batista et af* have shown that the use of SC-
ECPs, along with the hybrid B3LY#® 40 XC functional, give
excellent results for the geometries, vibrations, and first bond
dissociation energies of YFIn Gaussian, relativistic effects
were included by replacing the core electrons of uranium with
a Stuttgart-Dresden SC-ECP according to éhle et al*! The

structures based on relative Gibbs free energies is made toStuttgart-Dresden SC-ECP treats 60 electrons as the core and
identify distinguishing features that could be potentially helpful the remaining electrons as part of the variational valence space.
to experimental identification. Such molecular properties as the Priroda applies a relativistic scalar four-component process,
nature of bonding, relative Gibbs free energies, dipole moments,where all spir-orbit terms are separated from their scalar
bond lengths and angles, bond orders, atomic charges, frequenterm$45°and neglecte@3551For geometries and frequencies,
cies, and metal coordination are addressed and compared tmeglecting spir-orbit effects is generally accepted to be a valid
experimental results where possible. approach. In previous studies of these relativistic methods it
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was found that g03 SC-ECP (60e) and Priroda’s scalar four- TABLE 1: Calculated Gas- and Solution-Phase Single-Point
component method were of comparable quaft§? Relative Gibbs Free Energies and Absolute Gibbs Free
Modeling such chemical structures in solution requires the Energy Differences between Gas- and Solution-PhaskGsoy

. - of 30 Selected UNO;, Isomers (in kcal/mol)
use of accurate solvation methods. The solid-state crystals

isolated® were found to react with both water and air, leading g03 CPCM
to the vigorous liberation of gaseous BAn fact, it was PSPBE pSB3LYP g03 B3LYP B3LYP (pS)
determined to be so sensitive that it was deemed necessary tgsomers G G Gias Giin AGsoly
handle it under an inert atmosphere. We therefore chose to a6 8.2 25 3.0 0.0 -21.2
perform our solvation calculations with the aprotic polar solvent a5 8.6 2.4 3.3 1.1 —-20.3
nitromethane (dielectric constant= 38.2). Relative Gibbs free a8 7.0 2.6 3.6 22 —-195
energies using this solvent were found to be very similar to al 0.0 0.0 0.0 3.6 —14.5
. . a27 19.3 18.5 17.8 4.5 —31.5
those found using water as a sol\(ent. A.ccur_ate solv_ated Gibbs _, 1.0 0.2 0.2 5.2 128
free energy differences were obtained with single-point calcula- 513 8.7 45 4.4 5.6 ~17.0
tions of p5 PBE gas-phase optimized geometries using g03 a10 9.9 3.0 3.3 6.0 -15.4
B3LYP SC-ECPs and the conductor polarized continuum model al4 8.5 4.5 4.6 63  -165
(CPCM)52 As well, using the Gibbs free energy corrections &7 2.2 2.5 2.7 68  -147
obtained from the p5 PBE gas-phase frequency results to ZZ gg ggla gg g'i :ig'g
calculate the relative solvated Gibbs free energies provided an 16 11.9 55 56 76  —206
accurate alternative to running costly g03 solvated frequency b6 19.2 15.7 15.5 82 311
calculations. Although common, the use of single-point calcula- b2 6.5 1.7 3.8 8.2 —13.8
tions on gas-phase optimized geometries is not considered to b1 3.9 1.4 4.2 88  —135
be the optimal method for obtaining solution-phase Gibbs free 222 é g 411 i g'g g 2 j‘; g
energies. A preferable method of obtaining Gibbs free energies 3 53 26 55 96 —191
would be to reoptimize the gas-phase geometries in solution. a11 8.7 3.7 4.4 10.0 —155
Efforts were made toward this using the Amsterdam density b4 5.9 3.6 6.1 104  —20.1
functional (ADF}3-55 software with the scalar relativistic als 11.6 4.8 4.7 104  -184
ZORA>-59 method, the TZP basis set made up of Slater-type 517 95 7.0 9.6 149 —24.6
orbitals (STOs), and the conductor-like screening model ai18 8.5 8.6 8.7 149  -16.2
(COSMO)%0-62 For ADF/COSMO calculations we used the  a20 15.5 125 124 169 —156
Klamt atomic radii of 1.72 A for oxygen and 1.83 A for ~ al9 9.4 9.3 9.9 178 -119
nitrogerf! and an atomic radius of 1.70 A for the uranium ggl ﬁg ﬁ(l) ﬁ% %f'é :ﬁ'i
' . . . ; . . . . .
atom?2 Due to problems with numerical noise and despite sev- 1 16.9 19.1 222 320 -226
eral attempts, only three of 22 isomers were found to converge p7 20.4 23.7 275 38.6 —11.2

to a stationary point without any imaginary frequencies. . o . . .
Combinations of ADF integration values and geometry gradient ISOMers containing uranyl nitrate, and subsection D provides a
convergence criteria of 4.0/ 1072, 5.5/1x 1073, and 6.5/1 detalleq by-type .d|scu53|on of these isomers for the two
x 1072 (over 22 UNOy, isomers were calculated with this last ~categories and six types that were found to be represented.
combination) were tried and found to provide similar results Finally, in subsection E, we look briefly at the possibility of
for imaginary frequencies (ranging from 9i to 533i in multiples dissociation of UNO.. .

of 1—4 per isomer) with no apparent advantages. We therefore With some exceptions (for example, isomefs-a3, a7, and

chose not to pursue geometry optimizations in solution any @9 the pS PBE gas-phase relative Gibbs free energy calculations
further. were found to be less stable as compared to both the p5 and

the g03 B3LYP single-point results (Table 1). Moreover,
experience shows that hybrid functionals such as B3LYP are
discuss their relative stabilities and geometries. Relativistic prefe_ra;éie‘éo GGAs (such as PBE) for the energetics of actinide
methods were not necessary and we chose to use g03 B3LYPPPECIES: We therefqre chose to use the PS B3LYP single-
cc-pVTZ in the gas phase and g03 B3LYP/cc-pVTZ/ICPCM in pomt results tq (jetermme thg stalcyhty ordering of the A0k
solution for geometry optimizations and frequency calculations. [SOMers containing uranyl nitrate in the gas phase. We could
All molecular species calculated with uranium considered it 1USt as €asily have chosen our g8, results instead. The two
to be in the ' oxidation state with arPfvalency, and therefore sets of results are very _S|m|Iar, Wlth a few possible exceptions
all calculations were done with a restricted, closed-shell, kohn ~ SUch a$1-b4. The two single-point B3LYP gas-phase methods
Sham formalism. Due to the biradical nature of some of the @PPear to calculla.te t,h? lonic charge_ separauon_somewhat
N2O, isomers and the UMD:» isomers containing them as differently, and it is difficult to tell which method is more

components, the use of a restricted, closed-shell formalism may2ccurate. L _
not model some of the higher-energy structures effectively. Th_|rty Of the gas-phase_ opt|n_1|z_ed isomers with the lowest
relative Gibbs free energies within each category were then

chosen to calculate single-point solvated relative Gibbs free

energies. The 22 lowest relative Gibbs free energy structures
The proceeding sections are organized as follows: Subsectionfound in solution were then selected for detailed analysis and

A outlines and discusses the characteristics of the key structuraldiscussion.

components found to make up the LN, isomers containing Several other gas-phase isomers ofJON that do not contain

uranyl nitrate, subsection B discusses how 73 identified@ uranyl nitrate were also identified. The most prominent one,

isomers containing uranyl nitrate are classified into three U(NOj)4 with the formal oxidation state for uranium of IV, is

categories and 19 types, subsection C gives a general analysias yet undiscovered, as far as we can deterf¥imtowever,

and discussion of 22 select gas- and solution-phasgeCOyJN previous experimental attempts have shown that Ujjih@ay

Gas- and solution-phase calculations were also performed to
obtain the relative Gibbs free energies of 130 isomers to

Ill. Results and Disscussion
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Figure 1. Structural componentst, uranyl dication?2, uranyl nitrate;
3, dioxygen;4, superoxide aniors, nitric oxide radicalg, nitrosonium
(nitrosyl) cation;7, nitrogen dioxide radical, nitrite anion;9, nitron-
ium (nitryl) cation; 10, nitrate radical;11, nitrate anion;12 and 13,
cis- andtrans-peroxynitrite radical;14 and 15 cis- andtrans-peroxy-
nitrite anion; 16, dinitrogen trioxide;29, dinitrogen pentoxide. (Bond

lengths are given in angstroms, and angles in degrees; see the text.
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Figure 2. Thirteen isomers of dinitrogen tetroxide,®4: 17, sym-

N2O4; 185 cissON-O-NOy; 18g, twist-ON-O-NO;; 19, transON-O-

NO,; 20, ON-O;NO; 21, perp-ONO-NOy; 22, NO'NO;™; 23, NO,-

O:N; 24, cis,cissON-OO-NO; 25, cistrans ON-OO-NO; 26, transtrans
ON-OO-NO; 27, cis,cissO0-(NO); 28, transtransOO-(NO).. (Bond
lengths are given in angstroms, and angles in degrees. These are g03
B3LYP/cc-pVTZ gas-phase values; see the text.)

Stuttgart SC-ECP (60e) for uranium and the DFT/SVWN/TZVP
combination for oxygen and nitrogé&h% (SVWN combines a
plater exchange functiorf@with the Vosko, Wilk, and Nusair
correlation functiondl), and (3) the peroxynitrited2—15,

exist in solution but was found to oxidize spontaneously to a which are CCSD(T) calculated valués.

UV' complex before being isolatédOur calculations show that

In the following paragraphs a more detailed discussion of

U(NOg3)4 has a gas-phase Gibbs free energy of 34.6 kcal/mol the various MO, structural forms is provided along with a brief

relative to our chosen referened. This high relative energy

could explain the difficulty in isolating this isomer in experi-

review of some of the known chemistry ob®,. The structural
components of Figure 1 are discussed in the Supporting

mental investigations. The most stable of the remaining isomersInformation.

had a relative gas-phase Gibbs free energy of 62.1 kcal/mol.

The ordering of the various 20, isomers shown in Figure 2

Consequently these isomers were not investigated any further.is based on our relative Gibbs free energy calculations with g03

A. Structural Components. A diverse assortment of nitrogen

B3LYP/cc-pVTZ/CPCM using a nitromethane solvent (Table

oxoions and oxides, along with dioxygen and superoxide, were 2). The nature of each stationary point was verified for 12 of
found to bind with uranyl nitrate to yield the large number of 13 (18g was found to exist only in gas phase) structures in

computationally stable U)D;, isomers obtained. Many known

solution. The order of the gas-phase relative Gibbs free energies

nitrogen oxides, often with unusual structures, are commonly of these isomers using g03 B3LYP/cc-pVTZ was determined
found in both ionic and radical forms. All of them contain some to bel7, 21, 20, 18g 22, and24—28 with 19 and23 found to
form of resonance hybrid/multiple bonding structure. Some of be transition states with single imaginary frequencies. However,
the most commonly encountered oxoions and oxides of nitrogenrecent gas-phase calculations by Olson et®alsing g98

are NO', NO,*, NO;~, NOs~, NO, NO,, N2Os, N;O4, and NOs,
with formal oxidation numbers for nitrogen ranging frot2
to +5. Other less commonly encountered forms eie and

transONOO and ONOO, the NG radical, and other isomers

of N2Os, N2O4, and NOs (Figures 1 and 2256 The paper by

Laane and Ohlséhprovides a good preliminary overview of

the NWOy species.

The majority of the bond lengths in Figure 1 are experimental,

taken from one of the following referenc®s’* The exceptions

are: (1) the uranyl bond length, which is a calculated value

B3LYP/6-311G* (without zero-point energy corrections) and
CBS-QB3 found the order to b¥7, 19, 21, and 23—26 with
18g 20, 22, 27, and 28 unconsidered. Calculated structural
parameters (g03 B3LYP/cc-pVTZ, gas phase) for all 13
structures can be found in Figure 2.

Two NO; radicals are thought to dimerize reversibly at low
temperatures to the most common syrN(O.N-NO,) isomer
17, Figure 2, ofD,, symmetry (reaction 13# It is thought that
the odd electron delocalizes tosaantibonding orbital. The
similarity between MO, and NQ, with the same RO bond

using the Stuttgart SC-ECP (60e) for uranium and the DFT/ length of 1.19 A and ONO angles of 135.4nd 133.8,

B3LYP/TZVP combination for oxygen and nitrogé$£°(2) the

respectively, along with the longer than ordinary-N bond

urany! nitrate2 bond lengths, which were calculated using the distance of 1.78 A, supports the notion that syaGiis formed
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TABLE 2: Calculated Gas- and Solution-Phase Optimized Relative Gibbs Free Energies of Free Dinitrogen Tetroxide Isomérs

g03 B3LYP cc-pVTZ g03 CPCM B3LYP cc-pVTZ 998 B3LYP 6-311G* CBS-(B3
N0, isomers G G Es

sym-N,Oy 17 0.0 0.0 0.0
cissON:O-NO; 18s 5.7

twist-ON-O-NO, 189 11.9

transON-O-NO; 19 (10.3) 7.0 3.4
ON-O,NO 20 11.8 7.6

perp-ONO-NO; 21 11.6 11.8 7.4
NO*NO;z~ 22 33.0 18.3

NO,-O;N 23 (22.0) 23.1 13.4
cis,cissON-OO-NO 24 30.8 30.3 24.0
cistransON-OO-NO 25 32.3 34.3 25.8
transtransON-OO-NO 26 33.8 36.6 31.4
cis,cissO0+(NO), 27 48.3 47.2

transtransOO-(NO), 28 66.3 60.7

2The bracketed values were determined to have a single imaginary frequency indicative of their being transition states (R&zefierahce

73.

by a weakly bound pair of Neradicals. The dissociation energy
of sym-N;O4 in the gas phase is 75 kJ/mol. The characteristic
bands for symmetric N are 1368-1359 cntl, and for
antisymmetric NQthey are 17581730 cnt. As well, a very
strong out-of-plane N@bend is observed at 743 cif’

N,O, <> 2NO, (1
N,O,(l) <= NO*(l) + NO,(l) (1
NLO,(I) < NO,*(I) + NO, (I (1

In anhydrous solutions, XD, self-ionizes almost completely
to NO™ and NQ™ (reaction Il) and, to a much lesser degree, to
NO," and NQ~ (reaction Ill). Partial dissociation of sym,R,
occurs in solution at low temperatures but becomes complete
above 140C .55 Sym-N,Oy is known to undergo self-ionization
endothermically to formtransON-O-NO, 19 and cis-
ON-O-NO; 18s Isomerl8sis usually observed in condensed
phases as a minor contaminant of synON Sterling et afl*
describes the formation d as the combination NOand NO
linked through an O bridge. The IR bandsl&are 1290 cm?
for the symmetric stretch of N 1644 cnm?! for the antisym-
metric stretch of N@ and 1828 cm! for the N=O stretching
mode8”

Perpendicular perp-O-NO; 21is found to have an ©N—
O—NO dihedral angle of 90for the terminal nitroso group
(=N=0) relative to the planar N9group, whereas focis-
ON-O-NO, 18s and twist-ONO-NO, 18g we see dihedral
angles of 6.8 and 40.2, respectively® Upon optimization,
isomersl8sand18gare found to interconvert into each other
on going from the gas phase to solution and back again.
Therefore,18sis not found to exist in the gas phase, &Y
is not found to exist in the solution phase. Although these
three conformations may appear to be very similar in

a high pressure and high temperature induced phase transition
from sym-NO, to ionic NO"™NO3™. They identify an observed

IR peak at 2208 cm' as the distinguishing feature correlating

it with the experimentally observed NOstretching mode at
2390-2102 cnTL.87.7°0Our DFT/B3LYP/cc-pVTZ calculations
yielded a stretching mode of 2167 ck underestimating the
result of Song et al. by 41 cm. This is a reasonable deviation,
considering that DFT/B3LYP/cc-pVTZ is known to underesti-
mate frequencies by around this amount.

The peroxide form ONDO-NO has been proposed as an
intermediate in the oxidation of NO by,@o yield NG,.” Its
three conformations are cis/cis, cis/trans, and trans/t2dns
26. The remaining isomer type OMO), is believed to have
been calculated for the first time and was found to come in two
conformational forms cis/ci&7 and trans/tran28.

B. Classifications of UNJO1, Isomers Containing Uranyl
Nitrate. Using the p5 B3LYP gas-phase optimized relative
Gibbs free energy results we were able to visually sort the
optimized gas-phase geometries of 73 distinct 4ON
isomers into three separate categories: (1) 44 dinitrogen
tetroxide adducts of uranyl nitrate, UDIO3)2N2Oa, (2) 22
nitrosonium salt adducts of uranyl nitrate NQOO,-
(NO3)s~, NOTUOL(NO3),0(NO,) ~, NOTUOL(NO3)2(ONOOY,
or (NOM)UOx(NO3),022~, and (3) seven bis(nitrogen
dioxide) adducts of uranyl nitrate, UMNOs3),-2NO,. Our first
category, the a-series, is characterized by having various forms
of a neutral NO4 group attached to a neutral uranyl nitrate.
Basically, any weakly bound combination of two nitrogens and
four oxygens not considered to be part of the uranyl nitrate group
fell into this category. Fourteen a-series types were identified.
The second category, the b-series, is characterized by the
existence of a NO group thought to be ionically bound to a
complex anion [UNO;4]~. Four different b-series types were
identified. The third category, the c-series, consists of twg NO

structure, upon closer inspection of their bond lengths one seesdroups that are not bound to each other but are each separately

that they are substantially different. The IR bandsl8§ are
1290 cm! for the symmetric stretch of N 1584 cni?! for
the antisymmetric stretch of NQand 1890 cm! for the N=O
stretching modé’ As for NO,*O;N 23, Olson et af2 found it
to be a stable intermediate to the formation of the more
stable21

The structural parameters for isomers @HNO 20 and
NOTNO;~ 22 are calculated for the first time, as far as we can
determine. However, the X-ray crystal structure ofOh"
potentially contain0and22 as structural subcomponeriés’”
We believe that Song et &.discusses the formation @2 as

attached to uranyl nitrate. Only the one c-series type was
identified.

N>O4 Adducts A total of 44 gas-phase optimized structures
were located for the a-series category of the,ON isomers,
UO,(NO3)2*N,O4 (Figures 3 and 4 and the Supporting Informa-
tion). They contain the lowest gas-phase Gibbs free energy
isomer al, which we chose to use as the reference for the
comparison of the Gibbs free energy differences of all of the
gas-phase isomers calculated. Fourteen different types@f N
adducts of uranyl nitrate were identified; all but six (types 3, 4,
8, 9, 13, and 14) were found to contain®} structural forms
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type 1 containing sym-N>O4 17 gas-phase energy to that of the reference struclingith bl

having aGE;:;svaIue of 1.4 kcal/mol.

2NG;, Adducts.Seven c-series type 19 isomexk—c7 were
identified with a uranyl nitrate group and two completely
.".".. separate N@ groups located in various energy minimizing
positions, UQ(NO3)2*2NO.
l - A more extensive version of the preceding discussion can be
a

found in the Supporting Information under the same heading,
%. in particular, the UNO;, isomers with high relatively ener-
gies: a-series types-%, 7-9, and 14, b-series types 168,
and c-series type 19.
C. General Analysis and Discussion of Select Ui,

’ * Isomers. Single-point solvated Gibbs free energies were
calculated for 30 gas-phase optimized structuads-621, a27,
b1—b7, andcl)with g03 B3LYP/CPCM using the p5 PBE gas-

a3 a7 phase optimized geometries (Table 1). We chose to focus on
Figure 3. Optimized UNO; isomers: uranyl nitrate }D, adducts the 22 UNO:. isomersal—al6 a27, bl—b4, and b6 after
(bound NQ groups) obtained from p5 PBE/cc-pVTZ gas-phase determining that they represented the 22 most stable structures
optimized geometries. in solution as well as the 20 most stable structures in the gas
phase. The two isomers not among the 20 most stable gas-phase
previously identified in papers by Olson et’altypes 1, 2, 5,  isomers ar@27 andb6. With the two largesAGsoy values of
6, and 16-12), McKee et al (types 1, 6, 7, and 12), and Wang  —31.5 and—31.1 kcal/mol, they were found to go from being

et al® (types 1, 6, 7, and 1012). the 33rd and 27th most stable isomers in the gas phase to being
The most stable and most commonly cited gas- and solution- the fifth and 14th most stable isomers in solution.
phase form of sym-pDO, 17 was not only found to be A general analysis and discussion of the nature of bonding,

represented within the three most stable gas-phasgOUN  Gibbs relative free energies, dipole moments, bond lengths,
structures but was also determined to have four separate type Jangles, and orders, Hirschfeld atomic chargjeés vibrational
orientations 41, a2, a3, anda?) (Figure 3). Bothal “side-on” frequencies, and metal coordination are given to provide the
and a7 “end-on” are bidentately bound to uranium in the reader with a general understanding of how these properties
equatorial plane, whereas b@Randa3 are unidentately bound.  varied over the selected U, isomers.

The third most stable solution-phase form of fre®l trans Nature of Bonding within the D, Unit and between NO
ON-O-NO, 19, was determined to be a Component of four and UQ(NOS)?’* Component3_|n performing an ana]ysis
distinct type 6 orientations of UJD;, (Figure 4). Onlya5was of the various structures it was deemed important to discuss
found to bond bidentately to uranium. The lowest-energy varia- the nature of the bonding within the identified complexes.
tion wasa4 with aG;ﬂsvaIue of 2.1 kcal/mol. All three o&4, Often this can be subject to different interpretations, so the
al0 andallwere found to be unidentately bound to uranium. following outlines the approach we chose to use in our

ciss-ON-O-NO; 18sis considered to be the second most stable interpretation.
solution-phase form of free 4. Six versions of the type 7 There are various potential ways leading to the formation of
UN.O;, isomer with18sas a component were identified with  these structures. In the following, we will describe a likely
a6 found to be lowest in energy with @;ﬂsvalue of 2.7 kcal/ scenario. In solution our three starting components are uranium,
mol. The others ara9, al2 andal5—alv. present as the uranyl dication, dinitrogen tetroxide mostly in

The fourth most stable solution-phase form @BNO 20first the sym-NO, form, and nitromethane, which is responsible for
occurs within type 8 aa8 with a gas-phase relative Gibbs free the dissociation of sym-pD, into the ionic components NO
energy of 2.6 kcal/mol and then also unidentately bound to and NQ™, reaction Il. With the anionic nitrate available, both
uranium asal3andal4and again in an inverted form with the  uranyl nitrate UQ(NOs), and trinitratouranylate UENOs3);~
nitroso (—N=0) group oxygen unidentately bound to uranium are expected to form. Next, the abundant syp®ONlikely

asa34anda35 combines with uranyl nitrate to form the a-series type 1 isomers
Two occurrences of type 9a27 and a44 containing al—a3anda7in varying amounts. Furthermore, the combina-
NO*NOs~ 22, the sixth most stable solution form of free®\, tion of a nitrosonium cation and a trinitratouranylate complex

were identified, similar structurally to those of type 8, except anion likely leads to the formation of the b-series type 1 isomers
the type 9 isomers contain an inverted nitrosonium cation insteadb1—b4 andb6 as well as the a-series isome§ a6, a8, and
of a nitroso £N=0) group. Isomera27 corresponds to an  a27. The remaining a-series isomeegt@anda9—ale), if at all

inverted nitrosonium version @f8. The energy found foa27 existent in solution, could be formed through isomerization of
is 18.5 kcal/mol. the other forms.

Nitrosonium Salts.A total of 22 gas-phase optimized Upon the basis of the abundance of research available on
structures were located for this b-series category of the sym-N,Os, which consists of two radical NGQgroups forming
UN4Oy2 isomers, NOUO2(NOs)3~, NOTUO(NO3),O(NO,) ™, a biradical covalent NN bond, the four a-series type 1 isomers

NOTUO,(NO3)2(ONOO), or (NOM)UO,(NOs3),02~. They al—a3 and a7 containing sym-MO, are considered to be of

contain the fourth and fifth lowest gas-phase Gibbs free covalent bonding character with respect to theirMl bond.

energy isomerdl1 andb2. Four distinct types of nitrosonium  As described above, these Wbi, complexes are thought to

salts were identified. be the result of coordinate bonding between neutefd/Nand
The first set of five type 15 isometsl—b4 andb6, Figure uranyl nitrate components.

5, was found to have the lowest relative Gibbs free energies The five b-series type 1 isomelpd—b4 andb6 all contain a

within the b-series. The first four structures were quite close in nitrate anion (N@") attached to a neutral uranyl nitrate forming
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type 6 containing trans-ON+O-NO; 19

t | "‘E
"'*% g

type 7 containing cis-ON+O+NO; 18s

B R TR

type 8 containing ON+*O,NO 20

< B TR o

type 9 containing NO'NO;3 22

%

a27

Figure 4. Optimized UNO;, isomers: uranyl nitrate }D, adducts (N@ bound to a terminal nitrosoN=0O) or inverted nitrosonium cation)
obtained from p5 PBE/cc-pVTZ gas-phase optimized geometries.

the complex anion [U{NOs)3] ~, which further combines with nitrosonium cation or an inverted nitrosonium catid®)(for

a nitrosonium cation (N©) in various ways (Figure 5). At first  the b-series isomers and a terminal nitrosdN&EO) group or
glance, all of these b-series type 1 isomers should be predomi-an inverted nitrosonium catiora27) for the a-series isomers.
nantly of ionic bonding character and are described as salts orThe key bond for characterizing the nature of bonding of these
salt adducts of uranyl nitrate. However, this is not necessarily structures is the &-Ny or O,—O bond.

the case as we discuss in more detail below. Isomerb6 has a unique structure that involves an inverted
For the remaining 18 isomers, we have defined thexgen N,=O* group with its oxygen bonded symmetrically to two

to be the one that is weakly bound to the nitrogen ¢=0 separate nitrate oxygens of uranyl nitrate. More importantly,

except fora27 and b6 where two Q oxygens bond sym- isomerb6 is considered to be the only one of the b-series type

metrically to the oxygen of [&=O. N,=0O is considered to be a 1 isomers to be ionic in character. It has ap-@ bond length
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type 15 NO'UO»(NOs);~

'
o@% "¢:ﬁ.‘

%

b3

o®

b4 b6

Figure 5. Optimized UNO;; isomers: uranyl nitrate nitrosonium salt adducts obtained from p5 PBE/cc-pVTZ gas-phase optimized geometries.

of 2.364 A, an Q-0 bond order of 0.10, a %O bond length A versus AG,

of 1.105 A, a N=0 bond order of 2.41, and a&O frequency 55 1

of 2025 cntl. Corresponding experimental and theoretical i ] b6

values are 1.15 A, 2.5 ,and 1876 chior free NO and 1.06 A, (l

3.0, and 23962102 cm! for free NO'. 43 N L,
Isomersh2, b3, andb4, classified as salts, are considered to |

be mostly ionic in nature. They have a small amount of covalent

bonding character in the ,©Ny bond with bond lengths of

2.127, 2.158, and 2.213 A and bond orders of 0.29, 0.26, and

0.23, respectively. However, isomet with the shortest @

Ny bond length (1.735 A) and a corresponding bond order of ] )

0.65 may be more appropriately described as of mixed covalent/z |, AN A

354
ab ad 4g | 5y

25

blue diamonds, Debye)

ionic character rather than an ionic salt, although it is still

considerably more ionic than covalent.

*al

b2 b a3

AGsqn (red squares, kcal/mol)

Isomera27 of type 9 has a unique structure that involves an 0.5
inverted N=O" group with its oxygen bonded symmetrically ~ Figure 6. Au (diamonds, debye) versusGsoy (squares, kcal/mol) of
to two different oxygens of a nitrate group. It is considered to 22 UN:O2 isomers.
be the only one of the selected a-series isomers to be
predominantly of ionic character. It has ap-@D bond length
and bond order of 2.375 A and 0.09 as well as,&® bond
length, bond order, and frequency of 1.109 A, 2.37, and 2007 ) -
cm-L. _ Dipole quents‘.l’he two plots _presented in Figure 6 of the

The calculated data also show that the a-series type 8 isomerdlifferences in the gas- and solution-phase dipole mom#pats
a8, al3 andal4 containing a MO, component of the form = “soln ™ Hgasand the solvation free energiéSsoy provide a
ON-O,NO have Q—N, bond lengths of 2.110, 2.097, and 2.085 rqugh estimate of the ionic versus covalent nature Qf the bonding
A and corresponding bond orders of 0.28, 0.33, and 0.33. TheseWithin the 22 UNO,, isomers. The two most ionic isomers,
isomers, therefore, represent the a-series isomers of mixedWith the largest values ofu and AGs, are a27 and b,
covalent/ionic bonding character with the most ionic character. Whereaslanda2, with the smallest changes in dipole moment.

The remaining nine a-series type 6 and 7 ison@tsas, and solvation free energies, would be considered the least ionic
a9-al2 al5 andal6containing a NO, component of the form  OF the most covalent. Figure 6 provides some indication of the
trans or cis-ON-O-NO; are interpreted to be of mixed covalent/ ionic versus covalent nature of these isomers, and a general
ionic bonding character, ranging inc©Ny, bond length from  correlation can been seen betwen and AGson. Both the
1.783 t0 2.039 A and in ©-Ny bond order from 0.67 to 0.39 ~ amount of reduction iM\Gsqy and the order in relative Gibbs
for al0andal? respectively (Figure 4). free energies of the 22 selected isomers can be attributed in

EnergiesThe 20 most stable gas-phase isomers are all within part to the degree of charge separation within these particular
5.45 kcal/mol §16) of the gas-phase reference. The same 20 Structures. This charge separation is represented to a first order
isomers in solution become much more separated from eachby the permanent dipole moment. In the gas phase both the p5
other and are now found to be within 10.4 kcal/mal® of and g03 B3LYP results for dipole moments are very similar
the solution-phase reference. Also noticeable is that the orderwith the largest variance of 0.28 @Z7) found over the 22
of the gas-phase relative Gibbs free energies is not maintainedisomers. The two isomers with the lowest and highest dipole
in solution; a substantial reorganization of the 20 most stable moments in both the gas and the solution phasesaarand
gas-phase isomers has occurred. As well, the solvent can bea27, respectively. The change in dipole momet is always
seen to have a stabilizing effect on the external charge positive in going from the gas phase to the solution phase. The
distribution for the isomers analyzed; all 22 analyzed structures change is reasonably consistent, ranging from 0a2ptp 5.31
show a substantial reduction in absolute Gibbs free energy in D (a27) but averaging 2.36 D for the 22 isomers. Higher-order
going from the gas to the solution phase, wkB@s,, = —12.8 charge moments will certainly play a role as well.

kcal/mol @2) or more and on averaghGsoy = —18.3 kcal/
mol (Table 1).
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TABLE 3: Calculated Bond Lengths and Angles Using p5 PBE/cc-pVTZ Gas-Phase Optimized Geometries of the 22 Most
Stable Solution-Phase UNO;, Isomers (in angstroms and deg)

uranyl nitrate dinitrogen tetroxide / nitrosonium salt
isomers B=0 U=0 u-o0 Ou—N N—O (e]V]e) U-0 Ou—N O—Ny2 Ny=0 N—N UON OuNO
ab 1.797 1.796 2.423 1.306 1.203 174.2 2.653 1.252 1.938 1.115 96.2 119.5
a5 1.796 1.797 2.425 1.305 1.203 1740 2.665 1.243 1.862 1.120 95.2 119.9
a8 1.796 1.796 2.421 1.306 1.202 174.4 2.657 1.303 2.110 1.115 97.6 117.6
al 1795 1.796  2.419 1.309 1.201 1726  2.762 1.211 1.864
az27 1.795 1.795 2.458 1.295 1.207 176.5 2.540 1.298 2.375 1.109
a2 1.793 1.791 2.444 1.301 1.201 177.4 2.599 1.226 1.881
al3 1.793 1.796  2.404 1.311 1.202 175.2  2.556 1.250 2.097 1.119
alo 1794 1792 2451 1.300 1.202 178.2  2.538 1.249 1.783 1.128
al4 1.798 1.792  2.405 1.311 1.202 1749 2541 1.251 2.085 1.119
a7 1.795 1.795 2.414 1.308 1.201 172.5 2.820 1.214 1.884
a9 1.794 1.795  1.445 1.300 1.201 176.4  2.449 1.278 1.934 1.114
a4 1792 1.795  2.397 1.312 1.200 176.4  2.382 1.294 1.993 1.118
alé 1.793 1.792  2.448 1.300 1.202 178.9  2.539 1.250 1.838 1.123
b6 1.794 1.799 2.541 1.277 1.207 176.6 2.364 1.105 96.6 123.3
b2 1.792 1.798  2.567 1.266 1.201 176.2 2.127 1.115 96.6 123.5
bl 1968 1.795 2.415 1.305 1.199 179.9 1.735 1.126 96.9 1235
a3 1799 1.790 2.445 1.301 1.200 176.2  2.568 1.231 1.897
al2 1.793 1.793 2.396 1.318 1.200 175.9 2.387 1.305 2.039 1.117
b3 1877 1.793 2412 1.307 1.200 174.6 2.158 1.113 96.4 120.5
all 1.831 1.790 2.391 1.314 1.200 176.2 1.287 1.956 1.117
b4 1893 1.792 2411 1.308 1.199 174.9 2.213 1.116 96.4 120.8
al5 1.790 1.790 2.433 1.302 1.200 178.5 2.515 1.268 1.906 1.120
exptl? 1.753  2.456 1.291 1.203 179.8 96.5 123.0

2O, oxygen bonds weakly to nitrogen of RO except fora27 andb6 where it bonds to oxygen of j&O. ® Reference 26 for NOUO,(NOs)s™
in the solid state.

TABLE 4: Calculated Gas-Phase Bond Orders Using p5 PBE/cc-pVTZ Optimized Geometries of the 22 Most Stable
Solution-Phase UNO, Isomers

uranyl nitrate dinitrogen tetroxide/nitrosonium salt
isomers B=0 u=0 u-0 Ou—N N—O; u-o Ou—N Ox—Ny@ Ny=0 N—N
a6 2.39 2.39 0.57 1.28 1.72 0.26 1.47 0.50 2.34
a5 2.39 2.39 0.56 1.28 1.72 0.26 1.51 0.56 231
a8 2.39 2.39 0.57 1.28 1.72 0.23 1.28 0.28 2.32
al 2.40 2.40 0.58 1.27 1.72 0.18 1.63 0.38
az7 2.39 2.39 0.51 1.31 1.70 0.35 1.30 0.09 2.37
a2 2.40 2.40 0.54 1.30 1.73 0.24 1.58 0.37
al3 2.39 2.40 0.59 1.26 1.73 0.31 1.46 0.33 2.29
alo 2.40 2.40 0.54 1.30 1.73 0.32 1.46 0.67 2.27
al4 2.39 2.40 0.59 1.26 1.73 0.32 1.45 0.33 2.29
a7 2.40 2.40 0.58 1.27 1.73 0.17 1.65 0.36
a9 2.39 2.40 0.54 1.30 1.73 0.40 1.35 0.50 2.35
a4 2.40 2.40 0.59 1.26 1.73 0.53 1.29 0.43 2.30
al6é 2.40 2.40 0.54 1.30 1.73 0.32 1.45 0.61 2.28
b6 2.39 2.39 0.39 1.37 1.70 0.55 1.28 0.10 241
b2 2.39 2.40 0.36 1.42 1.73 0.57 1.28 0.29 2.33
b1l 1.95 241 0.58 1.27 1.74 0.44 1.12 0.65 2.34
a3 2.39 2.40 0.54 1.30 1.73 0.27 1.53 0.35
al2 2.40 2.39 0.59 1.26 1.73 0.54 1.26 0.39 2.32
b3 1.95 2.41 0.58 1.27 1.74 0.44 1.12 0.26 2.34
all 2.19 2.40 0.61 1.25 1.74 0.49 1.32 0.46 2.32
b4 1.88 241 0.58 1.27 1.74 0.44 1.15 0.23 2.32
al5 2.40 2.40 0.55 1.29 1.73 0.38 1.39 0.50 2.29

a Oy oxygen bonds weakly to nitrogen of /RO except fora27 andb6 where it bonds to oxygen of jxO.

Bond Lengths, Angles, Bond Orders, and Atomic Charges. order is reduced to values below 2.0 for those cases where a
For structural analysis each of the 22 selected isomers was sepNO™ is attached to the uranyl oxygehl b3, andb4). All of
arated into uranyl nitrate and nitrosonium tetroxide or nitoso- the select gas-phase#0 bond lengths are found to range from
nium salt fragments. Ten bonds and three angles were identified1.105 to 1.128 A, with an average of 1.117 A.
for analysis (Tables 3 and 4).The gas-phase uranyl bond lengths As for the weak @—N, bond, it plays an important role in
were found to vary little when no external group was found identifying the degree of charge separation between tFeN
binding to either of the axial uranyl oxygens. In this case, they cation and the Qoxygen of the complex anion for the isomers
span a range of 1.7901.799 A, averaging around 1.795 A.  with ionic components. Equatorial tO(nitrate) bonds show
Correspondingly, the uranyl bond orders were very consistent bond orders of 0.50.6 in most cases, corresponding to partial
at 2.40+ 0.01. These numbers correspond to the well-known covalent character, whereas the-O(N,O4) bond orders are
partial triple bond character of the uranyl bond. The uranyl bond in most cases lower, averaging 0.36.
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TABLE 5: Calculated Hirschfeld Atomic Charges Using p5 PBE/cc-pVTZ Gas-Phase Optimized Geometries of the 22 Most

Stable Solution-Phase UNO;, Isomers (in e)

uranyl nitrate

dinitrogen tetroxide/nitrosonium salt

isomers U Q:o Ou=o OU N (0 OU NP Oxc Ny ON=0

ab 0.49 —0.29 —0.28 —0.16 0.30 —-0.14 -0.12 0.30 —0.05 0.24 0.16
ab 0.49 —0.28 —0.28 —0.16 0.30 —-0.14 —0.10 0.30 —-0.12 0.24 0.14
a8 0.49 —0.28 —-0.29 —0.16 0.30 -0.14 —0.10 0.30 -0.12 0.24 0.15
al 0.51 —0.28 —0.28 -0.17 0.30 —0.13 —0.03 0.25

a27 0.48 —0.28 —0.28 —-0.15 0.30 —0.13 —-0.14 0.29 —0.16 0.25 0.21
a2 0.60 —0.28 —0.27 —0.16 0.30 —0.13 —0.05 0.23

al3 0.56 —0.29 —0.28 —0.16 0.30 —-0.14 —0.10 0.30 —0.13 0.22 0.13
alo 0.58 —0.29 —0.28 —0.16 0.30 -0.14 —0.09 0.30 -0.12 0.21 0.11
al4d 0.56 —0.30 —0.27 —0.16 0.30 —-0.14 —0.10 0.30 —-0.12 0.22 0.13
a7 0.51 —0.28 —0.28 —0.16 0.30 —0.16 -0.15 0.22

a9 0.56 —0.28 —0.28 —0.16 0.30 —0.13 —0.15 0.30 —0.13 0.24 0.17
a4 0.57 —-0.27 -0.29 —0.16 0.30 —-0.13 —0.16 0.30 -0.14 0.24 0.13
al6 0.58 —0.28 —0.28 —0.16 0.30 —-0.14 —0.09 0.30 -0.12 0.22 0.12
b6 0.48 —0.28 —0.30 —-0.11 0.29 —0.15 —0.15 0.30 —-0.17 0.27 —0.15
b2 0.48 —-0.27 —0.30 —-0.11 0.30 —0.13 —0.15 0.30 —0.15 0.25 0.15
bl 0.47 —0.28 —0.26 —0.15 0.30 -0.12 —0.15 0.30 —0.25 0.26 0.17
a3 0.57 —0.30 —0.27 —0.16 0.30 —0.13 —0.06 0.23

al2 0.56 —0.28 —0.28 —0.16 0.30 —0.13 -0.17 0.30 —-0.14 0.24 0.14
b3 0.47 —0.28 —0.26 —0.15 0.30 —0.12 —0.15 0.30 —0.28 0.26 0.17
all 0.55 —0.30 —0.26 —0.16 0.30 —0.12 —0.15 0.30 —-0.14 0.25 0.14
b4 0.48 —0.28 —0.25 —0.15 0.30 —0.12 —0.15 0.29 —0.28 0.27 0.15
al5 0.58 —0.28 -0.27 —0.15 0.30 —0.13 —-0.11 0.29 —-0.11 0.23 0.13

2 External O of uranyl nitrate? N of N,O, or NO; nearest to U¢ O oxygen bonds weakly to nitrogen of MO except fora27 andb6 where

two Oy oxygens bond to oxygen of &O.

Of all of the isomers studied, structubd was found to be
the closest in geometry to that of the crystal structure isok§ted.

cies. The actual effect may even be somewhat larger
because DFT PBE has a tendency to underestimate experimental

Unsigned mean deviations of selected bond lengths and anglevalues.

between experimental X-ray crystallography and gas-phase

calculations of 0.035 A/0%3were obtained. In particular, the
experimental uranyl bond length is 1.753 A, which is 0.042 A

In general, other than the strongly mixed modesafwe
see a very consistent underestimation of uranyl symmetric and
antisymmetric stretching modes (8487 and 930+ 7 cnT?)

less than the calculated average. This shows that the PBE XCand an overestimation of the uranyl bending mode (208

functional with the cc-pVTZ basis set used in our study

cm™1) across all isomers analyzed. This can be compared to

overestimates this type of bond length, in agreement with earlier experimental IR spectral d&favhere we see gas-phase values

findings#283In studying Uk in the gas phase, Batista et*al.
determined that using a PBE functional with a 6+33* basis
set overestimated bond lengths by2%. In our gas-phase study

of 871, 940, and 182 cm, resulting in differences of-24,
—12, and+23 cnT?, respectively. Exceptions are the uranyl
bending mode o&l12 a27, andb6 and the uranyl modes of

using PBE and cc-pVTZ, we found that the uranyl bond lengths a11 As for the b-series, with the bonding of N@o one of the
were overestimated on average by 2.4%. This is reasonableuranyl oxygens irb1, b3, andb4 the typical uranyl modes do

considering the larger sizes of the structures analyzed.
The calculated U and O charges in the uranyl ion vary little

not exist; in their place we see lone=® stretching and bending
modes. This is not, however, the case whith and b6 where

among the different species (Table 5). With the exception of the nitrosonium ion bonds symmetrically between two nitrate

b6, all selected UNO;» b-series isomers contain a,®O

group where both atoms are positively charged. The nitro-

sonium oxygen ofb6 is the only one that was negatively
charged.
FrequenciesAnalysis of gas-phase frequencies for the 22

oxygens.
Coordination Numbers.Of all of the isomers studied,
coordination to uranium was always found to be either seven-
or eight-coordinate. Seven-coordinate uranium was found to
contain a unidentately coordinated component, and eight-

selected isomers highlights the predominantly mixed covalent/ coordinate uranium was found to contain a bidentately coordi-

ionic nature of the majority of these isomers (Table 6).
Particularly distinct dinitrogen tetroxide/nitrosonium salt bands
are the N=0 stretching modes, the two,&O torsions, the
Ox—Ny stretching mode, and the out-of-plane NBending
mode.

Experimentally, the gas-phase stretching frequency=sON
in its free form is 1876 cmt,84 and as part o18g, 1890 cnt?,
and19, 1828 cn1l. However, N=O* in its free form exhibits
frequencies ranging from 2390 to 2102 chand in salts is
often seen to absorb in the 2392150 cn?! range®® The 18
isomers that we studied withy&O stretching frequencies had
values that ranged from 1915 to 2025 ¢imsuggesting that

nated component. The one exceptiosfswhich was found to
contain two unidentately coordinated components for a coor-
dination of 8.

D. By-Type Discussion of Selected U)D1, Isomers. This
final subsection focuses on a by-type discussion of 22 select
UN,4O;, isomers for the purpose of identifying the structure or
structures most likely to predominate in either an inert gas or a
nonaqueous polar aprotic solvent environment. To gauge the
likelihood of their existence in the gas or solution phases,
UN,4O12 isomers were tabulated according to their relative Gibbs
free energies. Of the 22 selected structures, only two of the three
categories and six of the 19 types classified in subsection B

the complexation of these structures had the effect of shortening/were represented. The proceeding discussions are organized

strengthening the {%=O bond relative to their BD4 counterparts
in free form, thereby increasing thgH0O stretching frequen-

around these six types of isomers: a-series type 1, 6, 7, 8, and
9 and b-series type 1.
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TABLE 6: Calculated Vibrational Frequencies Using p5 PBE/cc-pVTZ Gas-Phase Optimized Geometries of the 22 Most Stable
Solution-Phase UNO;, Isomers (cnT?)

uranyl dinitrogen tetroxide/nitrosonium salt
s-str a-str bend s-str a-bend s-bend s-str str str s-str  bend str str tor tor

isomers OUO OUO OUO NO, NO, NO, N-N NOs NO; NO3; NO; O—Ng2 N~=O N~=0 N~0

a6 843 923 203 1198 1423 758 289 1957 512

ab 844 924 206 1201 1444 766 280 1933 522

a8 846 926 208 1186 1419 974 760 267 1981 490 378

al 846 925 200 1371 620 389 292

a27 846 927 214 2007 278 252

ax

al3 849 929 208 1208 1355 999 769 274 1961 517 399

alo 851 933 207 1202 1579 745 319 1920 501

ala 847 928 209 1213 1347 999 771 277 1962 514 393

a7 850 927 197 1383 729 418 273

a9 849 931 208 1120 1530 764 308 1991 515

a4 850 932 209 1107 1504 772 279 1963 477 330

alé 852 934 206 1196 1508 764 324 1941 572

b6 842 925 225 2025 277 261

b2 846 929 206 263 1980 468 376

bl 269 1915 652 583

a3 848 930 1369 724 375 264

al2 849 932 221 1090 1506 772 1965 463

b3 297 1984 458 370

all 789 905 224 1122 1512 761 275 1968 482 296

b4 317 1964 459 346

als 855 937 207 1162 1481 783 333 1943 548 256

exptl® 871 940 182

20y oxygen bonds weakly to nitrogen of O except fora27 andb6 where it bonds to oxygen of J&O. ? Strongly mixed vibrational modes
for a2 ¢ Reference 86 for NQUO,(NOs);s~ in the solid state.

a-Series Type 1al, a2, a3, anda?. All four a-series type 1 1.58, 1.53, and 1.65 faal, a2, a3, anda?, respectively. The
isomers are found to be among the 20 most stable gas-phaséour weakly binding N-N bonds were found to have values of
and the 22 most stable solution-phase isomers. This group is1.864, 1.881, 1.897, and 1.884 A and bond orders of 0.38, 0.37,
characterized by containing the most stable gas-phase form 0f0.35, and 0.36 foal, a2, a3, anda?. As for the atomic charges,
planar sym-NO, (Figure 3). Bidentately bound planar,® only those on uranium showed a significant variation with 0.51
components withiral anda7 maintain their planar form with ~ for both bidentate isomersa{ anda7) and 0.60 and 0.57 for
the equatorial plane of uranyl nitrate, whereas unidentately the two unidentate isomees anda3.

bound planar MO, components withimm2 and a3, although Four characteristic vibrational modes, one N&retching
equatorially bound to uranium, maintain their planar shape mode and two N@ bending modes along with one-\N
outside the equatorial plane of uranyl nitrate. stretching mode, were used to analyze three of the four a-series

With a2 being within 0.2 kcal/mol of1 for our p5 B3LYP type 1 isomers. The lower-frequency out-of-plane antisymmetric

; bending mode ofl could be used to distinguish it from3
gas-phase calculations and actually lower thary 0.2 kcal/ ) :
mol for the g03 B3LYP gas-phase calculations, it is quite anda?. Otherwise the two N@bonded radicals odl, a3, and

possible that2 is the more stable isomer. In any case, at room a7 were found to have similar stretching and bending modes.

temperature both are as likely to be present. The remaining tWOIsomeraZ has many mixed modes, and it was found to be very

isomersa3anda? have p5 gas-phase relative Gibbs free energies d|ff|c§ It .to "’Te”t'% azy g'StTCt m((j)df]s-. All ios ¢
of 1.2 and 2.5 kcal/mol, respectively. In solution these four a-Series Type 6a4, a5, alQ anda our a-series type

isomers become the fourth. sixth, 17th, and 10th most stables isomers are found to be among the 22 selected isomers. This

with relative Gibbs free energies of 3.6, 5.2, 9.0, and 6.8 kcal/ group is characterized by containing various orientations of

mol, respectively. The absolute Gibbs free energy differences trans ON-O-NO, 19. Only a5 was found to bond bidentately

. to uranium. In comparing bond lengths of the®y component
between the gas- and the solution-phase results for these fourof a51to those of free KD, we see that 1.862, 1.243, and 1.120

isomers are found to be less than averag&8.3 kcal/mol), A compare to 1.61, 1.20, and 1.13 A for)@, Oy—N, and
ranging from—12.8 to —14.7 kcal/mol witha2 having the _ A . e U T
lowest AGgqy Value of —12.8 kcal/mol. The dipole moment g-y O. Of these, only the &N, bond dlstanc.e,'wrth a

. ) ifference of 0.25 A, does not compare well. This is perhaps
differences between the gas and the solut|c_)n phases are alsgue to the inability of the DFT/GGA/cc-pVTZ method to model
found to be below average (2.36 D), ranging from 0.70 10 his hond correctly. In going from the gas phase to solution
1.78 D. isomersa4, a5, al0 andallchange from having relative Gibbs

The two longest U-O bonds, 2.762 A forl and 2.820 A free energies of 2.1, 2.4, 3.0, and 3.7 kcal/mol to values of 7.4,
for a7, both connect uranium bidentately to®k. Correspond- 1.1, 6.0, and 10.0 kcal/mol. With5 being only 1.1 kcal/mol
ingly, we see the two smallest bond orders of 0.18dband aboveas, it is considered to be a reasonably good candidate to
0.17 fora7. The Q—N bond lengths foal anda7 are 1.211 exist and predominate in solution. Th&s,, values show little
and 1.214 A due to bidentately bound,®§ components, variation from the average of18.3 kcal/mol, ranging from
whereas fora2 and a3 they are 1.226 and 1.231 A due to —15.4 to—20.3 kcal/mol. The change in dipole momeny,
unidentately bound pO, components. These four bonds cor- ranges from 1.73 to 2.90 for these isomers but does not vary
respond to the four strongesty©N bond orders overall, 1.63,  significantly from the average value of 2.36 D.
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As for the structural analysis of this series of isomers as well — a-Series Type 9a27. Only one of two possible isomers of
as the atomic charges and vibrational frequencies, they werea-series type 827was found to be among the selected isomers.
found to be very similar, and no distinguishing features could This type is characterized by containing an ionically bound
be identified. NOTNO;~ 22 component, where uncharacteristically the oxygen

a-Series Type 7:a6, a9, al2 al5 and al6 Five of the of a nitrosonium cation bonds symmetrically to two oxygens
possible six isomers of the a-series type 7 are found to be amongpf a nitrate group. Isomea27 with gas- and solution-phase
the 22 selected isomers with the other isora&7 being the relative Gibbs free energies of 17.8 and 4.5 kcal/mol, respec-
23rd most stable isomer in solution. This group is characterized tively, is the fifth most stable solution-phase W, isomer.
by containingcissON-O-NO; 18s The a27isomer is found to have the largest values AdBsoy

Isomera6, with a gas-phase relative Gibbs free energy of = —31.5 kcal/mol,gas = 14.44 D, usoin = 20.03 D, Au =
2.5 kcal/mol, was determined to be the most stable isomer in 5.31 D, and @-N, bond length= 2.375 A of all 22 selected
solution overall and as such is thought to be the most likely 1SOMers.
isomer to exist and predominate in solution. In comparing bond  Isomera27has many similarities with6; for example, both
lengths of the MO, component of6 to those of free MO, we have a nitrosonium ion that is inverted with the oxygen of the
see that 1.938, 1.252, and 1.115 A compare very well to 1.93, NO' group, bonding equally to the two nitrate oxygens. As
1.23, and 1.09 A for @\, Oy—N, and N=0. Other features  well, they represent the two isomers with the largest values for
of a6 are that it is the only type 7 isomer bidentately bound to AGson, A, and Q—N, bond lengths. Furthermore, they share
uranium and that it along with9 contains the only two nearly  three very similar characteristic vibrational modes: the=®
planar forms otissON-O-NO,. As for the other type 7 isomers  stretching band and the twa&O torsion bands. Both are also
(a12 al5 andai6) their N;O4 components are found to be found to have the two highest,&O stretching frequencies
noticeably less planar. In going from the gas to the solution corresponding to the two shortesf=RO bond lengths. The one
phase, the remaining isomera9( al2 al5 andal6) have area where they differ substantially is the atomic charge on the
relative Gibbs free energies of 2.9, 4.1, 4.8, and 5.5 kcal/mol On=o Oxygen, Table 5, whera27is seen to have the largest
and 6.8, 9.1, 10.4, and 7.6 kcal/mol, respectively. The values positive charge of 0.21 e arub is seen to have the lowest
for AGson, 1, and Au are quite similar for these isomers and charge of-0.15 e (the only one found to be negatively charged).
change little from their average values with the exception of  b-Series Type 15b1, b2, b3, b4, and b6. All five b-series
the dipole moment o6, which at 12.63 D is the second largest. type 15 nitrosonium salt adducts of uranyl nitrate are found to

The U-0 bond length ofa6 is just over 0.1 A longer than  be among the 20 most stable gas-phase and the 22 most stable
the other four isomers due to its bidentate bonding to uranium. solution-phase isomers. This group is characterized by contain-
Correspondingly, the bond order is about 0.06 lesafbiThe ing a NO' group ionically bound to a [UGNQOs)s]~ complex
atomic charges of the dinitrogen tetroxide component are found anion. For isomeb1, the nitrogen of the NO cation is bound
to be very similar for all five isomers. to one of the uranyl oxygens. Similarly, f@3 and b4, the

As for the vibrational frequencies, all are very much the same, hitrogen of the nitrosonium ion appears to be weakly shared
and no characterizing information could be identified. In between both the nitrate oxygen and the uranyl oxygen. As for
particular, distinguishing6 from a5 would be very difficultas ~ isomersb2 andb6, they share a similar symmetric configuration
nearly every mode tabulated for these two isomers is in close with the NO™ group ionically shared between two different
agreement. The J&O stretching mode provides the largest hitrate oxygens. Witth2, the nitrogen of the nitrosonium ion
frequency difference of-24 cnt! for a6 relative to that of5. is bound to the two nitrate oxygens, whereas in the cad of

a-Series Type 8a8, a13 andal4 Three of the five members the nitrosoqium ion is inverted with the oxygen of the NO
of the a-series type 8 isomers are found to be among the 229roup bonding equally to the two nitrate oxygens.
selected isomers. This group is characterized by containing ON  The fourth and fifth lowest gas-phase relative Gibbs free
O,NO 20 where the nitrogen of a nitrosonium cation bonds energy isomers arel andb2 with relative Gibbs free energies
symmetrically to two oxygens of a nitrate group. of 1.4 and 1.7 kcal/mol. They become the 15th and 14th isomers

The only bidentate isomer & with gas- and solution-phase in solution with relative Gibbs free energies of 8.2 and 8.8 kcal/
relative Gibbs free energies of 2.6 and 2.2 kcal/mol, respectively. mol, respectively. The other isome8, b4, andb6 haveGy,
Isomeras8 is the third most stable solution-phase isomer and values of 2.6, 3.6, and 15.7 kcal/mol in the gas phase and 9.6,
possibly a candidate to exist in solution. In comparing bond 10.4, and 8.2 kcal/mol in solution. Th&Gs values of these
lengths of the MO, component o8 to those of free MOy, we five b-series isomers show the largest variation ranging from
see that 2.110, 1.303, and 1.115 A compare reasonably well to—13.5 kcal/mol forbl to —31.1 kcal/mol forb6. As for the
2.03,1.28,and 1.11 A for &Ny, Ou—N, and N=0. The other change in dipole moment valuesy, they are all found to be
two type 8 isomers are also found to be quite stable in solution near the 2.36 D average for the selected isomers with the highest
with al3andal4being the sixth and eighth most stable at 5.6 b-series type 1Au of 4.58 D forb6.
and 6.3 kcal/mol compared to their gas-phase energies of 4.5 The interaction of the N® group with the uranyl oxygens
kcal/mol each. The\Gson, 4, andAu values are quite similar  leads to a weakening and therefore a lengthening of the uranyl
and change little from their average values. bond lengths fob1 (1.877 A),b3 (1.968 A), andb4 (1.893 A)

The U-0 bond length of8 is just over 0.1 A longer than ~ compared to the average of 1.795 A. This is supported by
the other two type 8 isomers due to its bidentate bonding to smaller corresponding uranyl bond orders of 1.95, 1.95, and
uranium. Correspondingly, the bond order is about 0.08 less 1.88 relative to the average of 2.40 (as discussed previously).
for a8. As for the atomic charges of the dinitrogen tetroxide All five b-series type 15 isomers were found to have the lowest
component, they are very similar for all three isomers. atomic charges on uranium (0.47 or 0.48 e).

The most identifying vibrational frequency of these three  With the b-series type 15 isomers containing an anionic
isomers is the symmetric stretching mode of the non-uranyl trinitratouranylate, we are able to identify four characteristic
nitrate NG group (974 cm? for a8 and 999 cm? for bothal3 vibrational modes: one O stretching band, two O torsion
andal4), which is not seen for the other selected isomers. bands, and one @y stretching band. Isometsl andb6 were
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found to have the lowest and highest=R stretching frequen-  to one of the uranyl oxygens, and f&2 the nitrosonium

cies of 1915 and 2025 crh, corresponding to the longest and  nitrogen is symmetrically bound between two oxygens of two

shortest N=0 bond lengths of 1.126 and 1.105 A. different nitrate groups. On the basis of our relative Gibbs free
E. Dissociation.While not the main focus of the paper, we energy results, all five of these isomegsl(a2, a3, bl, and

will briefly discuss the dissociation of UjD;, according to the b2) are considered to be strong candidates to exist and possibly

following reaction predominate in the gas phase, withanda2 being the strongest
candidates.
UN,O;, < [UO,(NO,),]~ + NO* (V) After narrowing down our relative Gibbs free energy calcula-

tions of 30 isomers in solution to the 22 most stable, we

We have calculated the free energies for reaction IV using identified three isomers to be within 3.6 kcal/mol of the most

the exact same computational protocol as before. Taking for Stable solution-phase isoma8. Isomera6 contains ecis ON-
the left-hand side of reaction IV the most stable gas-phase O-N02_185b|d(_antately bound_ to uranyl_ mtra_te. The next most
isomeral, we find free energies for the reaction of 120.7, 102.8, stable isomer in SOI““,OE‘S (with a relative Gibbs free energy
and 1009 kca|/m0| for p5 PBE, p5 BSLYP, a.nd 903 BSLYP, Of 1.1 kca|/m0|) contains thUanSON'O'NOZ 19 b|dentate|y

respectively. Not surprisingly, the dissociation reaction is highly Pound to uranyl nitrate. The third most stable isomer in
unfavorable in the gas phase. solution isa8 with a relative Gibbs free energy of 2.2 kcal/

In solution, we have taken the most stable solution-phase mol. Isomera8 is characterized by containing GG,NO 20,

isomera6 as the reference point. At the previously used go3 Where the nitrogen of a terminal nitroso group bonds sym-
CPCM B3LYP level of theory, we obtain a reaction energy of metrically to two oxygens of a nitrate group that is bidentately
AG = —5.2 kcal/mol. At that level of theory, the dissociated bound to uranium. The fourth most stable isomer in solution is

species, at infinite separation, would be more stable than theglwith a relative Gibbs free energy of 3.6 kcal/mol. Therefore,

most stable undissociated conformer, and dissociation would SOMer a6 is considered to be the most likely candidate to
be energetically favorable. The dramatic change between thePreédominate in a solution of nitromethane/dinitrogen
gas and solution phases can be understood by the stabilizatiorferoxide. ] )
of the charged species in a polar solvent. Of the 22 anal_yzed isomers, only two WO » |spm_ersa27
However, continuum solvation models such as those usedandb6 were considered to clearly contain ap-y ionic bond
here are at or beyond the limits of their applicability for With the two largest bond lengths of 2.375 and 2.364 A,
molecules with a high concentration of charge, such as the NO respectively. Also, these two isomers represented the two largest
in our case. In other words, the solvation treatment is not entirely Ny=0 stretching frequencies of 2007 cinfor a27 and 2025
balanced between the small and the large molecules in reactioreM * for b6, corresponding to the two shortest bond lengths of
IV, introducing fairly large errors. Moreover, the situation in 1.109 to 1.105 A. Four isomera]—a3 anda7, containing sym-
real, experimental solutions is likely to be even more complex N204 isomers, had biradical covalent character, and therefore

than that modeled here. For instance, the possibility of ion pairs N0 Ny=0 stretching frequencies were present. The remaining
has not been accounted for by our simple solvation model. 12 dinitrogen tetroxide adducts and four nitrosonium salt adducts
Overall, these errors make any conclusion regarding the relative©f uranyl nitrate had mixed covalent/ionic character witj=N
stability of dissociated versus undissociated species questionableQ stretching frequencies that ranged from 1915 to 1991'cm
One could create a somewhat more balanced model by includingdnd corresponding bond lengths ranging from 1.113 to
an explicit first solvation sphere or by applying dynamic 1128

methods. However, this is clearly outside the scope of the current  Although theb1 structure was found to most closely describe

investigation. the geometry of the solid-state crystals prep&fete 8.8 kcal/
mol relative Gibbs free energy in solution suggests tifats
IV. Conclusions not a likely candidate to predominate in solution. All five of

I the nitrosonium salt adducts of uranyl nitrate that were within

The combination of the experimental and computationa the 22 most stabl lution-ph isomers were at least 8.2 kcal/
results obtained by others and the computational results gener- € ost stable Solution-phase ISomers were at least ©.2 kea

ated for this paper have provided us with a much broader view mol (b6) more energetic _than the r_eferenaé and thergfore .
of the structures involved and we believe a better insight into are not thought to be likely candidates to predominate in
the likely identity of the predominant Uj®;, uranyl nitrate solutlon.' ) .
isomer existing in both the gas phase and the 30:70 ni- Experlmental!y with the Iowermg (_)1_‘ the tgmperature o_f the
tromethane/dinitrogen tetroxide solution used in experident. Saturated solution and upon solidificatiént seems quite

In this paper, we have studied the relative Gibbs free energiesP0Ssible for the terminal nitroso or nitrosonium cation group
of 73 identified UN©O1, uranyl nitrate isomers. Fourteen of these ©f @ny one of the 18 isomers mentioned (Figures 4 and 5) with
isomers are closely spaced within 2.6 kcal/mol of the most stable [ONic or mixed covalent/ionic character to have rearranged into
gas-phase isomerl. Isomeral contains the most familiar and the sollq-state crystal structure that was identified as the
well-studied sym-NO, bidentately bound to the uranium atom  Nitrosonium sait, NOUOy(NOx)s™.
of uranyl nitrate. The next most stable isora@was determined The question of dissociation in solution has been addressed
to be 0.2 kcal/mol more energetic by one method (p5 B3LYP) briefly by applying a simple model reaction. However, the
and 0.2 kcal/mol less energetic by our other method (g03 results are inconclusive.
B3LYP). Isomera2 contains a unidentately bound form of sym- It is important to recognize that the computational methods
N20O4. The following three isomers in order of stability aa8, used do not take into account such factors as reaction kinetics,
b1, andb2 with relative Gibbs free energies of 1.2, 1.4, and pH levels in solution, or solute/solvent concentrations, and the
1.7 kcal/mol, according to the p5 B3LYP calculations. Isomer necessary approximations of the methods are sources of error
a3is a higher-energy conformation ap, and the conformers  that create some uncertainty in the interpretation of the results
b1l andb2 are the two most stable nitrosonium salt adducts of obtained. What the computational methods do provide are
uranyl nitrate. Fobl the nitrosonium ion is bound via nitrogen  structural relative Gibbs free energies that approach chemical
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accuracy, which can be used as a measure of relative stability
for identifying those structures found to be the most computa-

tionally stable. Thus, in providing experimentalists with strong

candidates, along with accompanying molecular properties, it

is our hope that it will prove to be useful in identifying the
existence of these Uj®1, structures within both the solution
and the gas phases.
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