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Addition of H,O and O, to Acetone and Dimethylsulfoxide Ligated Uranyl(V) Dioxocations
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Gas-phase complexes of the formula [UO,(lig)]™ (lig = acetone (aco) or dimethylsulfoxide (dmso)) were
generated by electrospray ionization (ESI) and studied by tandem ion-trap mass spectrometry to determine
the general effect of ligand charge donation on the reactivity of UO," with respect to water and dioxygen.
The original hypothesis that addition of O, is enhanced by strong o-donor ligands bound to UO, ™ is supported
by results from competitive collision-induced dissociation (CID) experiments, which show near exclusive
loss of H,O from [UO,(dmso)(H,0)(O,)]", whereas both H,O and O, are eliminated from the corresponding
[UO,(aco)(H,0)(0,)]" species. Ligand-addition reaction rates were investigated by monitoring precursor and
product ion intensities as a function of ion storage time in the ion-trap mass spectrometer: these experiments
suggest that the association of dioxygen to the UO,* complex is enhanced when the more basic dmso ligand
was coordinated to the metal complex. Conversely, addition of H,O is favored for the analogous complex ion
that contains an aco ligand. Experimental rate measurements are supported by density function theory
calculations of relative energies, which show stronger bonds between UO," and O, when dmso is the

coordinating ligand, whereas bonds to H,O are stronger for the aco complex.

Introduction

Uranium—oxygen species and their intrinsic reactivity are of
interest because of their importance to the nuclear energy
industry and because their chemistry is fundamental to our
understanding of the migration and fate of uranium in the
environment and to the development of efficient and effective
methods for separation from fission products and other
actinides.!™ Speciation of uranium is diverse, and includes
multiple oxidation states, oxide forms, and multiuranium
clusters: each species can exhibit variable reactivity, stability,
and solubility.*’

Fundamental reactions between uranium and (molecular) O,
have been investigated in the gas and condensed phases. For
example, it was shown that gas-phase U* reacts with O, to yield
UO™; this cation reacts with a second O, molecule to form the
reduced uranyl cation UO,™, formally a U(V) species.® A similar
reaction of U?* with O, and other oxidants yielded the (doubly
charged) UO*" and the UO,*" cations.”!® In the condensed
phase, O, addition to uranyl centers generally occurs to furnish
n?-peroxo species, and there are examples of materials in which
uranyl molecules (UO,*") are bridged by peroxide in a u-dioxo
mode. !~ 17

The gas-phase experiments involving the uranyl cation have
proven particularly useful for determining specific reactivity with
respect to oxidation state, coordination number, and degree of
donation from ligands.'”~2? In a previous report by our group,
it was shown that complexes containing the reduced uranyl
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cation [UO,]" will bind O, in the gas phase.?* The tendency to
add O, to UO," complexes was dependent on the number and
identity of associated ligands. For example, no binding of O,
was observed for the bare cation but efficient addition occurred
when one or more aco or H,O ligands occupied equatorial
coordination sites. The tendency to add O, appeared to be
influenced by the amount of charge donated from ligand(s) to
the uranium metal center. Serial dissociation reactions of the
[UO4(ac0)3(0,)]" complex also showed an unusual pattern in
which initial elimination of neutral acetone was followed by
loss of O,, even though there were still o-donor aco ligands
available for elimination. At the time, it was hypothesized that
binding of oxygen caused oxidization of the U(V) center to
create a U(VI)-superoxide complex, the formation and stability
of which was in some way influenced by the number of donor
ligands. A subsequent computational study illustrated that
binding likely involves formation of a novel two-electron, three-
centered bond between [UO,]" and O,, with significant
interaction between the uranyl 5f¢ and the O, 77*,, orbitals.**

In the present study, we investigated the association reactions
of H,0 and O, to formally U(V) complexes [UO,(aco)]™ and
[UO,(dmso)]*. The aco and dmso species were chosen because
the two ligands contain the same number of atoms and hence
have the same number of vibrational degrees of freedom (DOF)
but differ significantly in their nucleophilicity and gas-phase
basicity. Controlling for the number of vibrational DOF was
important in this study, as this can influence the rates of gas-
phase ligand addition and dissociation reactions by absorbing
and accommodating reaction energy. With respect to the
o-donating ligands, the U(V) species tends to behave as a Lewis
acid but toward O, the reactive U(V) complex donates electron
density from the metal center to the ligand, thus acting more
like a Lewis base. By examining the intrinsic reactivity of
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Figure 1. Mass spectra of isolated [UO,(aco)]™ reacting in a mixed

atmosphere containing H,O and O, for (a) 10 ms, (b) 100 ms, and (c)
1000 ms.

[UO,(aco)]t and [UO,(dmso)]™, we were able to investigate in
a more systematic way the role of o-donor basicity on the
tendency to add either H,O or O, and test the hypothesis that
addition of the latter is enhanced by inclusion of strong o-donors
bound to the UO," center.

Experimental measurements of ligand addition rates, ligand
elimination, and ligand exchange were performed using tandem
(quadrupole) ion trap mass spectrometry. Precursor aco and
dmso-coordinated U(V) dioxocations were generated by ESI.
Comprehensive density functional theory calculations were used
to predict conformations of relevant species complexes, to
determine ligand binding energies, and to predict vibrational
features.

Experimental Methods

Electrospray Ionization Mass Spectrometry (ESI-MS). ESI
mass spectra were generated using a Finnigan LCQ-Deca ion
trap mass spectrometer (ThermoFinnigan, now Thermo Scien-
tific Corp., San Jose CA). In a previous ESI study of O, addition
to UO," complexes, we relied upon harsh ESI conditions to
cause reduction of uranyl ion. In the present experiments, we
enhanced formation of the UO," complexes by using spray
solutions composed in part of UO,I, in deionized H,O. Because
of the disparate ionization energies and electron affinities of
UO," and 17, collisions in the ion transfer region of the ESI
source tend to cause reductive elimination of I from
[UO,I(aco),]t or [UO,I(dmso),]t to furnish [UO,(aco),]" or
[UO,(dmso),]*, respectively.

The solution of UO,l, was created by dissolving 0.05 g of
UO; in approximately 1—2 uL of H,SO, followed by gentle
heating for approximately 24 h. The UO,SO, solution thus
produced was diluted with 10 mL of deionized H,O. The
UO,SOy, solution was added to 10 mL of a 5 mM solution of
Bal, in deionized H,O. A combination of the two solutions
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Figure 2. Mass spectra of isolated [UO,(dmso)]™ reacting in a mixed
atmosphere containing H,O and O, for (a) 10 ms, (b) 100 ms, and (c)
1000 ms.

caused precipitation of BaSQOy, and the resulting aqueous UO,I,
solution was separated by decantation. Spray solutions for the
ESI experiments were generated by spiking 1 mL of UO,L,
solution with 5.00 or 3.00 uL of aco or dmso, respectively.
Solutions were infused into the ESI-MS instrument via a syringe
pump maintained at a flow rate of 3—5 yL/min.

The atmospheric pressure ionization stack settings for the
LCQ instrument (lens voltages, quadrupole, octapole voltage
offsets, etc.) were optimized for maximum ion transmission to
the ion trap mass analyzer using the autotune routine within
the LCQ program. The spray needle voltage was maintained at
+5 kV and the N, sheath gas flow at 25 units (arbitrary to the
LCQ instrument, corresponding to approximately 0.375 L/min).
As in previous studies, the heated capillary was maintained at
arelatively high temperature of 200 °C to facilitate elimination
of neutral iodine to furnish the [UO,(aco)]* and [UO,(dmso)]*
complexes.? The ion trap analyzer was operated at a pressure
of ~1.5 x 1073 Torr. A helium bath/buffer gas was used to
improve trapping efficiency and functioned as a collision gas
for CID experiments.

Ligand addition reactions of H,O and/or O, were monitored
by the isolation and storage of aco or dmso ligated UO," ion
in the ion trap. The H,O is present in the ion trap because of its
use as a spray solvent. The O, is present in significant partial
pressures within the ion trap because ESI is an atmospheric
ionization method. Previous investigations have shown that both
H,0 and O, are present at partial pressures sufficient to produce
pseudo-first-order reaction conditions.”* Addition of O, has been
confirmed in the past using both He gas seeded with O, and
130 labeled gas. Because of the relatively low concentrations
of aco and dmso used to make the ESI spray solutions,
association reactions to produce aco or dmso adducts were not
observed.

The multiple-stage CID and gas-phase association reaction
experiments were performed using previously established
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Figure 3. Mass spectra acquired after CID of [UO,(lig)(H,0)(0,)]*
produced from condensation of [UO(lig)]™ with O, and H,O, where
lig is (a) acetone and (b) dimethylsulfoxide.
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Figure 4. Kinetic profile of association reactions from [UO,(aco)]".
The inset shows an expanded plot of the kinetic profile for reaction
times up to 0.3 s.

procedures.'372? Values for the salient instrumental parameters
were: a) an isolation width between 1.0 and 3.0, b) an activation
Q of 0.300 (used to adjust the ¢, value for the resonant excitation
of the precursor ion), and ¢) an activation amplitude ranging of
0—20% (of 5V). The reactant cations (either [UO,(aco)]* or
[UO,(dmso)]" were isolated in the ion trap, where they
underwent ligand addition reactions with adventitious H,O and
O, that were also present in the ion trap. Ion reaction times
were varied from 1 to 5000 ms to observe the temporal variation
in the distribution of the product ions. Kinetic plots were
generated by measuring ion intensities at discrete time intervals
and plotting relative abundance values for each ion as a function
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Figure 5. Kinetic profile of association reactions from [UO,(dmso)]".

of time. Relative abundance values for reactant and product ions
at each reaction time were calculated by dividing the intensity
of each individual ion by the total ion intensity. Experimentally
determined relative ion intensities are reproducible to better than
20% relative standard deviation.

Kinetic Modeling. Reaction rates were modeled, and rate
constants calculated, using the Berkeley Madonna software
package that utilizes a numerical Runga—Kutta integration
algorithm to solve the differential equations based on the
reactions of the system.?’ The program uses the downhill
simplex method as documented in Numerical Methods in C for
curve fitting.?® The model used for this fit was based on a
pseudo-first-order approximation of the reactions with respect
to the oxygen and water concentrations. The root-mean-square
(rms) error was used to measure the degree of deviation of the
model from each experimental data point, which was expressed
as a percentage of the average ion abundance over the range of
time in the experiment. Previous kinetics experiments by our
group have shown that rms errors ranging from 1 to 30%
provides acceptable agreement between the experiment and
model.??

Density Functional Theory Calculations. We used the
relativistic effective core potential (RECP) density functional
theory (DFT) to calculate the geometries, binding energies, and
frequencies for complexes containing the U(V) UO," cation.
Our recent work?® has suggested that the hybrid B3LYP
functional?’?® may be underestimating the binding energy of
dioxygen to uranyl(V) systems relative to the binding energy
of acetone ligands. In the quest for more accurate computational
methods for calculating U(V)—ligand bond dissociation energies,
we have tested the newly developed M06-class functionals.?*3
For the smallest U(VI)—superoxo adduct, UO,T—0(%?), we also
performed coupled-cluster calculations with singles, doubles,
and perturbative triples excitations (CCSD(T)).>!~* Binding
energy values calculated using the MO6-L local functional
(without spin—orbit corrections) provided agreement with the
experimental trends (below), and hence the M06-L functional
was used for comparative UO,"(lig) binding energy calculations
in the present study. For comparison purposes, the results
obtained with the B3LYP functional are included as Supporting
Information in Tables 1S—3S.

The geometries of all complexes were optimized with the
standard Stuttgart small-core (SSC) RECP* and the correspond-
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SCHEME 1: Main Reaction Pathway for the Addition of H,O and/or O, to [UO(aco)]™

0 o)
“‘ _m/z 28 k, +H0 I
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0z H kg, +H0

TABLE 1: Forward Rate Constant Values for the Addition
of H,O and/or O, to [UOx(aco)]*

rate k, values
constant, (cm®s™! % efficiency
forward reaction k, molecule™) (relative to kapo)
[UO,(aco)]* + H,O ky 6.36 x 10710 30
[UOy(aco)(H,0)]™ + O, ks 3.74 x 10710 69
[UOx(aco)(H,0)(0,)] + H,0 ks 3.87 x 1071 18
[UO,(aco)]* + O, ks 1.39 x 10710 26
[UOs(ac0)(0,)]* + H,0 ks 2.13 x 107% 100

ing basis set on U and the standard 6-311G++(d,p) basis set
with diffuse functions on the light atoms. In addition, single-
point energy calculations were performed using more extended
basis sets, namely the SSC basis set augmented with the two
g-functions of the Stuttgart large-core basis set on U (SSC(2g))
and the 6-311++G(3df,3pd) basis set on other elements. Control
calculations for complexes of UO," with H,O and O, show
(Table 1S of the Supporting Information) that this procedure
leads to small differences in binding energies (<0.35 kcal/mol)
when compared to results obtained after full optimization at
the B3LYP/SSC(3g,lh)/aug-cc-pVTZ level. Full geometry
optimization of UO,"—0,(n? was also performed at the
CCSD(T)/SSC(2g)/6-311++G(3df,3dp) level, including all
electrons in the correlation treatment.

Electronic structure calculations were performed with the
NWChem program package® and were based on the unrestricted
formalism. Vibrational frequencies were computed numerically
at the BABLYP/SSC/6-3114++G** level. The standard Gibbs free
energy of each species in the gas phase was calculated using
the standard rigid rotor-harmonic oscillator approximation
without scaling.

Results and Discussion

Gas-Phase Addition Reactions of H,O and O, to [UO,(aco)]"
and [UOy(aco)]*. Competitive addition reactions of H,O and
0, to [UO,(aco)]™ were conducted by selectively isolating the
relevant precursor ion using a notched rf waveform. It is
important to note that in these experiments only the ion selected,
in this case [UO,(aco)]™, is stored in the ion trap and all other
potential reacting species are resonantly ejected from the ion
trap prior to the imposed reaction period. Figure 1 shows the
temporal evolution of the product ions in spectra generated by
the isolation and storage, without imposed collisional activation,
of [UO,(aco)]" for 10 ms (1a), 100 ms (1b), and 1000 ms (1c).
The appearance of product ions with m/z values higher than
that of the precursor ion signals formation of adducts by
ion—molecule association reactions that occur during the
imposed isolation/storage time.

After 10 ms reaction time (part a of Figure 1), the base peak
in the product ion spectrum was unreacted [UO,(aco)]* precur-
sor at m/z 328. The most abundant adduct ion at this time was

Q
k; +H,0 HOy, H OH2
U0 —~ L
i Ky, +H,0 OI/H\O
0
mfz 378 mfz 396

the heterogeneous binary species [UO,(aco)(H,0)(0,)]" at a m/z
of 378. Tons at m/z 346 and 360, formed by addition of a single
H,0 or O, molecule respectively, were present at lower relative
abundance as was a small peak m/z of 396 that corresponds to
[UO»(aco)(H,0),(0,)]F. [UO,(aco)(H,0)(0,)] became the base
peak at 100 ms reaction time (part b of Figure 1), and the
intensity of the [UO,(aco)(H,0)2(0,)]" ion increased to ca. 25%.
At the longest reaction time (1000 ms, part ¢ of Figure 1), the
base peak was [UO,(aco)(H,0),(0,)]" at m/z of 396. No further
addition of either H,O or O, was observed for reaction times
extended out to 5000 ms, suggesting the m/z 396 ion represents
a UO," complex for which all equatorial coordination sites are
occupied. Note also that addition of a second O, to the [UO,]*
complexes was not observed, which is consistent with the notion
that O, addition is a redox process that cannot occur once
uranium has been converted to the VI oxidation state.”® The
reactivity exhibited by [UO,(aco)]* in the present study is fully
consistent with earlier investigations of related UO," complexes
by our group.”

Figure 2 shows the corresponding product ion spectra
generated by isolation and reaction of [UO,(dmso)]" for 10 ms
(2a), 100 ms (2b), and 1000 ms (2c). The experiments with
[UO,(dmso)]" were run directly after those with [UO,(aco)]"
to ensure that both species experienced the same (gas phase)
reaction conditions. After 10 ms reaction time (part a of Figure
2), the base ion in the mass spectrum corresponds to formation
of [UO,(dmso)(0,)]" at m/z of 380. Direct addition of O,
appears to be favored for [UO,(dmso)]"™ over [UO,(aco)]" and
is especially apparent when the relative intensities of [UO,-
(lig)(02)]" and [UO,(lig)(H,0)]* are compared for the aco and
dmso precursor ions. The nearly exclusive addition of O, to
[UO,(dmso)]™ is consistent with the hypothesis that the basicity
of the o-donor ligand significantly influences the tendency to
add O,. Other ions observed after the imposed 10 ms reaction
time include those formed by addition of H,O, (O, and H,0),
and (O, and 2 H,O) at m/z values of 366, 398, and 416,
respectively. After a reaction time of 100 ms (part b of Figure
2), the [UO4(dmso)]* precursor ion was depleted to less than
5% relative intensity, and the base peak in the spectrum was
the heterogeneous binary adduct, [UO,(dmso)(H,0)(O,)]", at
m/z 398. The dominant peak observed after 1000 msec reaction
time (part ¢ of Figure 2) was [UO,(dmso)(H,0),(0,)]" at m/z
of 416, and no further addition of either H,O or O, ligands was
observed for extended reaction times. This was directly analo-
gous to the final product formed from [UO,(aco)]* by associa-
tion reactions.

Comparison of ion dissociation patterns also clearly showed
stronger O, binding by the dmso-containing complex. Figure 3
shows CID spectra derived from [UO(lig)(H,0)(0,)]", which
was initially formed by condensation of [UO,(lig)]" with O,
and H,0O for lig = aco (3a) and dmso (3b), respectively. For
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SCHEME 2: Main Reaction Pathway for the Addition of H,O and/or O, to [UO,(dmso)]*
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TABLE 2: Forward Rate Constant Values for the Addition
of H,0 and/or O, to [UO,(dmso)]*

rate k, values
constant, (cm? 57! % efficiency
forward reaction k, molecule™)  (relative to kapo)
[UOy(dmso)]* + O, ki 4.12 x 1071 76
[UOx(dmso)(0,)]* + H,0 ky 1.30 x 107% 61
[UO,(dmso)(H,0)(0,)]" + H,0 ks 2.63 x 10710 12

TABLE 3: Electronic Binding Energies (AE,) and Bond
Distances for the Uranyl(V) Superoxo Complex UO,"0,(57%)
Calculated with CCSD(T) and Several Density Functional
Theory (DFT) Methods*

method AE., KJ/mol U=0,A U---0,A 0-0,A
MO6 —63.4 1.756 2.302 1.294
B3LYP? —81.3 1.738 2.293 1.290
MO6-L —101.7 1.735 2334 1.275
PBE? —143.2 1.756 2.304 1.294
PW91? —145.5 1.756 2.302 1.294
CCSD(T)* —154.2 1.751 2.224 1314
LDA? —2223 1.741 2.256 1.276

“Optimized with the SSC/6-3114++G** basis set followed by
single point energy calculations with the SSC(2g)/6-311++G-
(3df,3dp) basis set. ”Ref 24. ¢Optimized with the SSC(2g)/
6-311++G(3df,3dp) basis set.

these experiments, the respective binary adduct ions were first
synthesized from [UO(lig)]" using ion—molecule association
reactions, then isolated, and finally dissociated using collisional
activation. For both the aco and dmso-containing complexes,
the precursor ion remained the base peak in the CID spectrum,
a result we attribute to rapid association reactions that the
fragmentation products participate in on the time scale of this
experiment. However, despite the influence on ion intensity
distributions by the association reactions, it is clear from the
spectrum in part a of Figure 3 that CID of [UO,(aco)(H,0)(0,)]*
generated [UO,(ac0)(0,)]™, [UO1(aco)(H,0)] ", and [UO(aco)]*
through competitive elimination of H,O, O,, or both ligands.
The [UOs(aco)(H,0),]" and [UO,(aco)(H,0)(0,)]* species were
generated by H,O addition reactions to the [UO,(aco)(O,)]* and
[UO,(aco)(H,0)]* fragment ions. A comparison of relative peak
intensities shows that loss of H,O is competitive with loss of
O,, with the former favored by a factor of ~1.7:1.

For the dmso complex, CID of [UO,(dmso)(H,0)(0,)]" (part
b of Figure 3), loss of O, is not competitive with the loss of
H,0. [UO,(dmso)(0,)]" was produced by exclusive elimination
of the H,O ligand, and the fragment ion accepted one and two
H,O ligands through association reactions to regenerate
[UO,(dmso)(H,0)(0,)]* and form [UO,(dmso)(H,0),(0,)]*.
Thus, the comparison of the dissociation spectra shown in Figure
3 reinforces the idea that the precursor ion that contains dmso
more effectively binds the O, ligand than does the analogous
complex with aco, a result consistent with the hypothesis that

k 0 Hz0 I
=S/ -‘——3+H2 . :,U\
N ke tHO o || Yo

s}

~OH2
.

g

m/z 398 mfz4lé

0O, binding is enhanced by the presence of the more basic
o-donor ligand.

The multiple-stage isolation and reaction capabilities of the
ion trap also allowed for an examination of displacement
reactions for adducts of the [UO,(aco)]™ and [UO,(dmso)]*
cations. For these experiments, the [UO,(aco)(H,0)]", [UO,-
(dmso)(H,0)], [UOx(aco)(0,)]", and [UO,(dmso)(0,)]t ions
were selectively isolated and allowed to react with H,O and O,
in the ion trap for a period of 30 ms. The resulting product ion
spectra are provided in Figure S1 of the Supporting Information.
General reaction pathways observed included:

[UO,(lig)(H,0)] "+ 0, — [UO,(lig)(H,0)(O)1" (1)
[UOz(lig)(Oz)]Jr—l- H,0— [UOz(lig)(HZO)(OQ)]+ 2)
[UO,(lig)(H,0)] "+ 0,— [UO,(lig)(0,)]" + H,0 (3)
[UOz(lig)(Oz)]++ H,0— [UOz(lig)(HZO)]Jr +0, 4

For all four precursor ions, the dominant product ion had the
formula [UO,(lig)(H,O)(0,)]" (reactions 1 and 2) with the
species [UO,(lig)(H,0)5(0,)]" also observed at a relative
abundance of ~10%. [UO,(lig)(H,O)]* also reacted via dis-
placement of H,O by O, (reaction 3) in both the acetone and
dmso complexes, with the latter complex undergoing this
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Figure 6. Structures of complexes [UO,(ACO)(H,0)-»]" and [UO»-
(ACO)(H,0)0-»(0,)]" optimized at the M06-L/SSC/6-311+G** level
of theory.
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displacement more readily. Multiple water adduct products were
also observed in minor abundance: for acetone [UO,(aco)-
(H,0),]" at m/z 364, and for dmso [UO,(dmso)(H,0),]" and
[UO,(dmso)(H,0)s] at m/z of 388 and 402, respectively. Most
significantly, the displacement of O, by H,O (reaction 4) was
observed following isolation and storage of [UO(aco)(O,)]*
in the ion trap (part ¢ of Figure S1 Supporting Information),
whereas the same displacement reaction was not observed when
the analogous [UO,(dmso0)(0,)]* ion was selectively isolated
under the same reaction conditions (part d of Figure S1
Supporting Information). The results from study of displacement
reactions are therefore consistent with the competitive CID
experiments, which suggest that binding and retention of O, is
enhanced when the more basic o-donor (dmso) ligand is also
bound to the UO," center.

Experimental Measurements of Gas-Phase Reaction Rates.
In the last series of experiments, the rates for ligand addition
reactions were measured by systematically altering the isolation/
reaction time in the ion trap. Specifically, kinetic plots were
generated by isolating [UO,(lig)]™ in the ion trap from times
ranging from 1 to 2000 ms. The fractional abundances (relative
to total ion abundance) of the precursor and product ions were
measured and plotted as a function of isolation time. Figures 4
and 5 show the kinetic plots generated for the [UO(aco)]" and
[UO,(dmso)]™, respectively. For the [UO,(aco)|t system, the
[UO,(aco)]™ reactant species, along with [UO,(aco)(H,0)]" and
[UO,(aco)(0,)]" adducts were all observed at an initial isolation/
reaction time of 1 ms, and the fractional abundance of each
species decreased with increasing reaction time. The relative
abundance of [UO,(aco)(H,0)(0,)]" increased to a maximum
at approximately 0.15 s, at which point conversion to [UO,-
(aco)(H,0),(0,)]" by addition of a second H,O ligand occurred
at longer reaction times. Generation of [UO,(aco)(H,0),(0,)]"
was essentially complete by 1 s reaction time. On the basis of
the experimental kinetic profiles of the reactant and product ions,
Scheme 1 was generated to function as a kinetic model for the
system. Experimentally determined rate constants, obtained by
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fitting the experimental curves, were compared with those
obtained using average dipole orientation theory**~* to calculate
reaction efficiencies. Table 1 shows the values obtained for the
forward rate constants designated in Scheme 1 for reduced
[UOy(aco)]*. Addition of a single ligand, either H,O or O, to
[UOy(aco)]t occurred at a rate efficiency of 30% and 26%
respectively, as kinetically modeled. The subsequent reaction
rates that led to the formation of [UO,(aco)(H,0)(0,)]" were
much more efficient with [UO,(aco)(H,O)]™ adding O, and
[UOx(aco)(0,)]* adding H,O at 69% and 100% of the theoretical
rate constants, respectively. The reaction rate corresponding to
hydration of [UO,(aco)(H,0)(0,)]" was the least efficient of
all of the reactions, consistent with prior studies that showed
that, as the uranyl coordination sphere filled, condensation
efficiencies decreased.*’

Figure 5 is the kinetic plot for the isolation of [UO,(dmso)]™,
and pathways outlined in Scheme 2 were used as a model for
the system. The reactions observed for [UO,(dmso)]" were less
complex compared to the analogous acetone system due to the
lack of a water adduct to the parent species. This system was
modeled as three subsequent reactions; the first was the addition
of O, followed by two water addition reactions, and Table 2
shows the experimentally determined forward rate constants.
The reaction rate efficiency for addition of dioxygen to
[UO,(dmso)]* was 76%, which was significantly higher than
the value modeled for addition of O, to the aco-containing
complex (26%). The stronger o-donating dmso ligand increases
the efficiency of O, addition to the reduced uranyl cation.
Following the initial addition of dioxygen to [UO,(dmso)]™, the
subsequent water additions are not as efficient compared to the
analogous acetone complexes; efficiencies for the addition of
the first and second H,O molecules to [UO»(dmso)(0,)]" were
61% and 12%, respectively. It is evident that the more basic
ligand promotes the addition of O, while decreasing the
propensity of H,O addition.

Density Functional Theory Calculations. The binding
energies of the UO,"—0,(n?) complexes calculated with six
density functionals are shown in Table 3. The DFT results are
compared with the benchmark estimates at the CCSD(T)/SSC-
(22)/6-311++G(3df,3dp) level. PBE*! and PW91#? functionals
yield binding energies that are in good agreement with the
CCSD(T) calculations. In contrast, the M06-L,>* M06,** and
B3LYP*?® methods predict binding energies that are, respec-
tively, 52, 73, and 91 kJ/mol lower than the CCSD(T) value,
whereas the LDA method gives a binding energy that is 68 kJ/
mol stronger.

The prior UO,*—dioxygen results® utilized B3LYP and were
satisfactory for explaining observed binding preferences in
UOx(aco),(0,)* complexes; however, the energetic difference
between aco and O, elimination was not as great as might have
been expected based on the branching ratio measured in the
collision-induced dissociation spectrum of the n = 3 complex.
On the other hand, calculations using the PBE and PWO91
functionals generated dioxygen—U(V)O," binding energies that
were too high. The M06-L functional, which yields binding
energies that are intermediate between values generated using
B3LYP and those generated using PBE, provides results
qualitatively consistent with the relative binding order indicated
by the experiment in the previous** and present work.

It should be noted that neither DFT nor CCSD(T) calculations
include spin—orbit interactions that are substantial for reaction
energies of actinide compounds in variable oxidation states. The
spin—orbit contributions lower the energies of open-shell U(V)
compounds and thus affect the reaction energies involving
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TABLE 4: Changes in Electronic Energies (with and without Zero-Point Energy (ZPE) Corrections) and Standard Gibbs Free
Energies (kJ/mol) for Binding of Acetone, Dimethylsulfoxide, Water, and Dioxygen to U(V) Compounds®

reaction lig = aco lig = dmso
AE, AE. +7ZPE AG® AE, AE. +ZPE AG°
UO,* + lig —189.9 —185.0 —141.8 —226.3 —222.4 —187.9
[UOy(lig)]* + H,O —116.5 —108.6 —81.3 —112.4 —103.0 —65.9
[UOy(lig)(H,0)]* + H,O —105.3 —95.4 —57.1 —101.6 —91.8 —54.2
[UOy(lig)]* + O, —129.0 —122.2 —79.0 —135.6 —129.7 —85.9
[UO,(lig)(H,0)]" + O, —137.2 —131.0 —85.6 —144.4 —138.5 —96.5
[UOy(lig)(H,0),]* + O, —137.0 —131.7 —83.6 —144.6 —139.7 —93.6
[UOy(lig)(0)]* + H,0 —124.8 —117.4 —87.9 —121.2 —111.9 —76.4
[UO,(lig)(H,0)(0)]* + H,0 —105.1 —96.1 —55.1 —101.8 —92.9 —51.3

“MO6-L/SSC(2g)/6-311++G(3df,3dp) single point energies on MO06-L/SSC/6-311++4G** optimized geometries. Vibrational frequencies

were computed at the B3ALYP/SSC/6-311++G** level.

TABLE 5: M06-L Optimized Distances® (Angstroms) in

1—12¢

system U=0 U---aco/dmso U---H,O U---0, 0O-0
1 1.769 2.375
2 1.780 2.410 2.519
3 1.782 2.420 2.524
4 1.749 2.330 2.342,2.353 1.285
5 1.757 2.364 2.516 2.370,2.363 1.286
6 1.765 2.410 2.536,2.529" 2.378,2.381 1.289
7 1.773, 1.780 2.318
8 1.784, 1.793 2.350 2.526
9 1.788, 1.800 2.370 2.535,2.540
10 1.751, 1.757 2.260 2.348,2.364 1.288
11 1.759, 1.765 2.291 2.522 2.376,2.378 1.289
12 1.768, 1.768 2.331 2.539,2.528" 2.387,2.395 1.292

@ Obtained with MO06-L/SSC/6-311++G**. ®The H,O ligand
trans to the O, ligand. “ The bond adjacent to the aco/dmso ligand is

listed first.
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Figure 8. HOMOs (f3-spin) for 6 and 12, showing the strong overlap
between the UO," 5, and O, 7r*,, orbitals. MOs are rendered at 0.027
(/A% isovalues.

U(VD/U(V) species. The reported spin—orbit contribution for
several such reactions from the three independent studies**~*
ranges from 28.3 to 29.9 kJ/mol. Thus, our best estimate of the
UO,"—0,(? binding energy at the CCSD(T) level after
spin—orbit effects are accounted for is 124.3—125.9 kJ/mol. In
what follows, we use the M06-L functional without spin—orbit
corrections for modeling this type of uranyl coordination
complex, but bear in mind that the better energetic accuracy of
MO6-L compared to other DFT methods is fortuitous and the
inclusion of spin—orbit interactions will likely lead to under-
estimation of the binding strength of dioxygen to U(V) systems.
Aside from systematic differences in the energy of the U(V)—0,
bond, binding energies and structural parameters calculated with
several tested functionals follow similar trends with substitution
of aco for dmso and addition of H,O.

The optimized structures of [UO,(aco)]t and [UO,(dmso)]"
complexes ligated with H,O and O, are shown in Figures 6
and 7. The orientation of the ligands with respect to UO," is
mainly determined by intermolecular repulsions between the
uranyl oxygen and ligand lone pairs. Table 4 lists the electronic
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Figure 9. Comparison of asymmetric O=U=O0 stretching frequencies
for acetone and dimethylsulfoxide ligated UO,™ and UO,™(O,) cations.

binding energies (exclusive and inclusive zero-point energy
(ZPE) corrections) and standard binding free energies of aco,
dmso, H,O, and O, ligands. Table 5 summarizes the optimized
distances in all studied complexes 1—12.

The results confirm that dmso is a stronger oxygen lone-pair
donor than aco. The binding of the former donor results in a
stronger bond (226.3 kJ/mol for 7 vs 189.9 kJ/mol for 1) and a
shorter intermolecular distance to UO," (2.318 A for 7 vs 2.375
A for 1). We were also able to find a stable [UO,(dmso)]"
complex coordinated by sulfur but this was bound by only 96.7
kJ/mol. This is consistent with the hard Lewis acid character
of UO,™ favoring complexation with hard bases such as oxygen
donors.*

Water is a weaker electron donor and forms complexes with
UO,™ that are significantly less stable than those formed with
aco and dmso ligands. The stability of [UO,(lig)(H,0),]"
complexes against HO elimination decreases with increasing
cluster size and is lower for the more strongly coordinated dmso
ligand than for the aco ligand at a fixed cluster size, consistent
with expected metal ion complexation behavior. The UO,"«+
H,O distances closely track the variation in binding energy.

In our earlier communication,* we suggested that side-on
binding of O, to form a superoxo complex is due to favorable
overlap between adjacent lobes of the uranyl(V) 5f, and O,
aT*,, orbitals. Figure 8 illustrates a two-electron, three-centered
bonding scheme for coordination of O, in 6 and 12.

In agreement with the previous B3LYP calculations,* the
addition of electron-donating groups appreciably strengthens the
O, binding energy despite increasing elongation of the U—0O,
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bond. Coordination of a single aco and a single dmso enhances
the binding strength by 27.2 and 33.9 kJ/mol, respectively.
Addition of the first water to [UOx(lig)]" further stabilizes the
interaction with O, by 8.2—8.8 kJ/mol. Placing the second water
in the remaining position trans to O, has almost no effect on
binding affinity. This suggests that only ligands adjacent to O,
can directly augment charge transfer in forming the superoxo
bond (Figure 8). Indeed, as shown in Figure 8, there is no
contribution to the HOMO from the water trans to O..
Interestingly, this water has a shorter U-++OH, distance than
the water adjacent to O..

The U=O0 bond lengths and stretching frequencies can be
important indicators of the overall basicity of the uranium center.
The calculated U=O0 bond elongates as the number of equatorial
donor ligands increases. Conversely, this bond length markedly
decreases (by ~0.02 A) upon addition of O,, which is compat-
ible with an oxidation of the UO," metal center occurring via
formation of the superoxo complex. Similar variations in U=0O
bond distances were found at the B3LYP level but with absolute
values predicted to be ~0.007 A longer (Table 3S in the
Supporting Information).

The changes in U=0 bond lengths are mirrored by changes
in O=U=O0 stretching frequencies. Figure 9 illustrates the
expected decrease in the asymmetric uranyl stretching frequen-
cies with increasing the number of donor ligands.*® The red shift
of these vibrational frequencies (Av, = 9—17 cm™") for the
dmso complexes, 7—12, compared to the corresponding aco
complexes, 1—6, is in accordance with the stronger donor
character of dmso.

Calculated changes in standard Gibbs free energies for ligand
addition reactions (AG®) allow for a direct comparison of the
DFT results with experiment (Table 4). Including zero-point
energy (ZPE) corrections decreases AAE. values for the
displacement of H,O by O, in [UO,(lig)(H,0),-,]* complexes,
whereas including thermal corrections (7 = 298.15 K) has the
opposite effect on the AAG® of these reactions. It should be
noted that the presence of several low frequency modes (below
100 cm™!) has an adverse effect on the accuracy of the
calculations of entropic contributions within the harmonic
approximation. Thus, the uncertainty in our assessment of any
given AG® is not less than 4.2 kJ/mol.

Calculations indicate that [UO,(aco)]™ exhibits a similar
propensity to add HO (—81.3 kJ/mol) and O, (—79.0 kJ/mol),
with the former ligand preferred at high temperatures and the
latter ligand preferred at low temperatures. The coordination
of a second ligand to form a binary product [UOj(aco)-
(H,0)(0,)]" is thermodynamically more favorable for both H,O
(—87.9 kJ/mol) and O, (—85.6 kcal/mol). The binding free
energy for the subsequent hydration of [UO,(aco)(H,O)-
(O] is dramatically reduced (—55.1 kJ/mol). In contrast to
[UOy(aco)]t, [UO4(dmso)]* shows a much stronger ability to
bind O, (—85.9 kJ/mol) than H,O (—65.9 kJ/mol). Subsequent
water addition reactions to form [UO,(dmso)(O,)(H,0)]t (=76.4
kJ/mol) and [UO,(dmso)(0,)(H,0),]" (=51.3/mol) are thermo-
dynamically less favorable compared to O, and the analogous
acetone complexes. The predicted binding energy trends are in
excellent agreement with the kinetic data and proposed reaction
pathways for [UO,(aco)]* and [UO,(dmso)]* shown in Scheme
1 and Scheme 2.

Conclusions

Using the combination of ESI and tandem ion-trap mass
spectrometry the gas-phase reactions of [UO,(lig)]*t (lig =
acetone (aco) or dimethylsulfoxide (dmso)) with H,O and O,
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were investigated to determine the general effect of ligand
charge donation on the reactivity of UO,™ with respect to water
and dioxygen. The original hypothesis that addition of O, is
enhanced by strong o-donor ligands bound to UO,™" is supported
by results from competitive collision-induced dissociation (CID)
experiments, which show near exclusive loss of H,O from
[UO,(dmso)(H,0)(0,)]*, whereas both H,O and O, are elimi-
nated from the corresponding [UO,(aco)(H,0)(0,)]" species.
Ligand-addition reaction rates were investigated by monitoring
precursor and product ion intensities as a function of ion storage
time in the ion-trap mass spectrometer: these experiments
suggest that the association of dioxygen to the UO,™ complex
is enhanced when the more basic dmso ligand was coordinated
to the metal complex. Conversely, addition of H,O is favored
for the analogous complex ion that contains an aco ligand.
Experimental rate measurements are supported by density
function theory calculations of relative energies, which show
stronger bonds between UO," and O, when dmso is the
coordinating ligand, whereas bonds to H,O are stronger for the
aco complex.
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