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ABSTRACT: Activation of the oxo bond of uranyl, UO2
2+, was

achieved by collision induced dissociation (CID) of UO2(N3)Cl2
−

in a quadrupole ion trap mass spectrometer. The gas phase complex
UO2(N3)Cl2

− was produced by electrospray ionization of solutions
of UO2Cl2 and NaN3. CID of UO2(N3)Cl2

− resulted in the loss of
N2 to form UO(NO)Cl2

−, in which the “inert” uranyl oxo bond has
been activated. Formation of UO2Cl2

− via N3 loss was also
observed. Density functional theory computations predict that the
UO(NO)Cl2

− complex has nonplanar Cs symmetry and a singlet
ground state. Analysis of the bonding of the UO(NO)Cl2

− complex shows that the side-on bonded NO moiety can be
considered as NO3−, suggesting a formal oxidation state of U(VI). Activation of the uranyl oxo bond in UO2(N3)Cl2

− to form
UO(NO)Cl2

− and N2 was computed to be endothermic by 169 kJ/mol, which is energetically more favorable than formation of
NUOCl2

− and UO2Cl2
−. The observation of UO2Cl2

− during CID is most likely due to the absence of an energy barrier for
neutral ligand loss.

■ INTRODUCTION

Activation and functionalization of the oxo bond in UO2
2+ has

attracted much attention as a result of the importance of this
species and these particular bonds for understanding the
fundamental chemistry of uranium and for developing strategies
for separations processes.1−3 Progress in this endeavor has been
made despite difficulties in achieving chemical transformation
of the chemically inert U−O bonds in uranyl.4 Reductive
silylation5−8 and coordination by Lewis acids such as alkali
metals and B(C6F5)3 to the yl oxygen of uranyl9−11 are the
primary routes that have been developed in the condensed
phase; the U−O bond is reduced during these processes.
The success in uranyl activation initiated interest in exploring

similar chemistry in the gas phase, where uranyl complexes can
be studied without interferences present in condensed phase. A
study of the reaction of UO2

+ and H2
18O revealed yl oxygen

exchange in the gas phase, which has been previously observed
in solution.12 Similar results were observed for exchange of
uranyl with CH3

18OH.13 The exchange mechanisms were
evaluated by density functional theory (DFT) in both of these
studies.12,13 In contrast to oxo-exchange, where no net reaction
occurs, the fragmentation chemistry of UO2(NCO)Cl2

−

demonstrated that novel uranium containing molecules can
be made via gas phase activation of uranyl.14 It was found that
collision induced dissociation (CID) of UO2(NCO)Cl2

−

prepared via electrospray ionization (ESI) resulted in
elimination of CO2 and the formation of NUOCl2

−, in which
one of the terminal oxo bonds has been replaced by a nitrido
bond. The observation of such a reaction not only
demonstrated a new route to uranyl activation but also

provided a rare example of the formation of a nitrido complex
from uranyl; such uranium nitridos have been prepared
previously in gas and condensed phases only by oxidation
reactions of low-valent and atomic uranium.15−20 The coupling
between NCO− and an yl oxygen under CID conditions raises
the possibility that the isoelectronic azide ligand, N3

−, can
similarly induce uranyl activation. Azides are known to serve as
precursors for the synthesis of metal nitrides, as in the recent
preparation of the first uranium compound bearing a terminal
U−N triple bond.20,21 Reported here are results for CID of the
UO2(N3)Cl2

− complex. Formation of UO(NO)Cl2
− via N2 loss

is observed, with the uranium complex characterized by DFT as
a UOCl2

− moiety with uranium coordinated by a side-on
bonded NO ligand. Loss of N3 to form UO2Cl2

− is also a major
fragmentation channel upon CID of UO2(N3)Cl2

−.

■ EXPERIMENTAL AND THEORETICAL METHODS
All the experiments were performed using an Agilent 6340 quadrupole
ion trap mass spectrometer (QIT/MS) with the electrospray
ionization (ESI) source inside a radiological contaminant glovebox,
as described in detail elsewhere.22 The UO2(N3)Cl2

− anion was
produced by ESI of methanol solutions containing UO2Cl2 and NaN3
(UO2Cl2/NaN3 ≈ 1:5, 200 μM UO2Cl2). The MSn CID capabilities of
the QIT/MS allow isolation and fragmentation of ions with a
particular mass-to-charge ratio, m/z. CID under these experimental
conditions is achieved by multiple low-energy collisions of the selected
ion with helium atoms. In contrast to high-energy single-collision CID,
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this approach essentially results in heating of the complex ion until an
effective temperature distribution is reached that enables fragmenta-
tion into one or more product ions. Because the ions are gradually
heated there is necessarily an energy distribution and it is common to
observe two or more product ions that exhibit similar barriers to
fragmentation; only in cases where one fragmentation channel is much
lower in energy than all others is a single CID product observed. In
high resolution mode, the instrument has a detection range of 20−
2200 m/z with a mass width (fwhm) of ∼0.3 m/z. Mass spectra were
recorded in the negative ion accumulation and detection mode. The
parameters used to obtain experimental spectra were similar to those
reported previously.14 High-purity nitrogen gas for nebulization and
drying in the ion transfer capillary was supplied from the boil-off from
a liquid nitrogen Dewar. As has been discussed elsewhere,23−25 the
background water and O2 pressures in the ion trap are estimated to be
on the order of 10−6 Torr. The helium buffer gas pressure in the trap is
constant at ∼10−4 Torr.
The electronic structure energy calculations and geometry

optimizations were performed at the DFT level of theory using the
hybrid gradient corrected PBE026 exchange correlation functional. An
unrestricted wave function was used for all open-shell DFT
calculations. Multiple electronic states and starting geometries were
probed to find the ground state configuration of each species. The
Effective Core Potentials (ECPs) and Gaussian basis sets of Dolg et al.
were employed for U27,28 while the aug-cc-pVTZ basis sets of Dunning
were used for O, N, and Cl.29−31 Zero-point energy corrections were
included in the calculated energies. All electronic structure calculations
in this study were performed using NWChem computational
chemistry software.32

■ RESULTS AND DISCUSSION

The ESI mass spectrum of methanol solutions of UO2Cl2 and
NaN3 resulted in formation of three uranyl azide complexes,
UO2(N3)Cl2

−, UO2(N3)2Cl
−, and UO2(N3)3

−; the relative
abundance of UO2(N3)Cl2

− increases as the NaN3/UO2Cl2
concentration ratio increases. In addition, sodium azide
chloride anions in the form of Nax(N3)yClx−y+1

− were produced
upon ESI. The UO2(N3)Cl2

− complex with two chloride
ligands was chosen for study to avoid potential coupling
between N3 ligands during CID. Mass selection and CID of
UO2(N3)Cl2

− at m/z 382, which is the most abundant
isotopomer, UO2(N3)

35Cl2
−, resulted in the appearance of

two peaks, at m/z 340 and 354 (Figure 1). The m/z 340 peak
corresponds to UO2Cl2

− from loss of neutral N3 from
UO2(N3)Cl2

−, with reduction of U(VI) to U(V). The m/z
354 peak is more intriguing, as it corresponds to loss of N2
from UO2(N3)Cl2

−, indicating the formation of a complex with
composition UO2NCl2

−. Since the U−Cl bond is much

stronger than N−Cl and O−Cl bonds,33 both chlorine atoms
should remain bound to uranium. Hence, the most plausible
structure of UO2NCl2

− is a uranium monoxide complex
coordinated by molecular NO, [UO(NO)Cl2]

−, which would
result from activation of a uranyl U−O bond.
DFT calculations were employed to identify the ground state

structures of the precursor complex UO2(N3)Cl2
−, its observed

CID products UO2NCl2
− and UO2Cl2

−, and UONCl2
− that

would have resulted from N2O elimination. The lowest energy
structures are shown in Figure 2, the geometrical parameters

are given in Table 1, and the vibrational frequencies associated
with the uranium−oxygen and uranium−nitrogen bonds are
given in Table 2. The precursor complex UO2(N3)Cl2

− has a
singlet ground state representing a U(VI) species, with a triplet
state over 200 kJ/mol higher in energy. The results for
UONCl2

− are in agreement with those previously reported
using DFT-B3LYP/SDD.14 All structures that could be
reasonably formed from UO(NO)Cl2

− were explored within
the unrestricted DFT framework with singlet, open-shell
singlet, and triplet spin states. The full set of optimized
geometries and energetics has been provided as Supporting
Information. The two lowest energy structures are two stable
isomers with Cs symmetry. Both isomers have one terminal oxo
and two chloro ligands, and a NO moiety bound to uranium in
a side-on fashion; the difference between the two isomers is the
relative positions of two oxygen atoms. Table 3 contains the
relative energies, geometrical parameters, and vibrational
frequencies for the four lowest-energy structural motifs in
various spin states. The four optimized structures
UO(NO)Cl2

− are shown in Figure 3. The lower-energy cis
isomer (I) exhibits a singlet ground state with an open-shell
singlet 13 kJ/mol higher in energy, while the triplet state lies 21
kJ/mol above the singlet ground state. The open-shell singlet
state is lowest in energy for the trans isomer (II) with the
triplet and singlet state higher in energy by only 6 and 12
kJ/mol, respectively. The singlet cis isomer is 22 kJ/mol lower
energy than the open-shell singlet trans isomer. Experimentally
observed UO(NO)Cl2

− should exhibit the ground-state singlet
cis structure I in Figure 3, in which the O−U−N bond is closer
to linear than the O−U−O bond. The open-shell singlet of the
linear U−N−O structure (III) is 32 kJ/mol higher in energy
relative to the singlet cis isomer. The triplet and singlet linear
U−N−O structures were found to be 49 and 84 kJ/mol higher
compared to the singlet cis isomer. A triplet C2v structure (IV)
representing a uranyl moiety with a nitrogen radical in the
equatorial plane is found to be 54 kJ/mol higher in energy. The
nitrogen radical in the singlet state was found to have an
imaginary mode, which led to the trans isomer discussed above.
All other structural motifs considered are found to have
energies at least 75 kJ/mol above the singlet cis side-on
structure. Additional single-point coupled cluster energy
calculations on the two isomers and the linear UNO structureFigure 1. CID spectrum of UO2(N3)Cl2

−.

Figure 2. Optimized structures of UO2(N3)Cl2
−, UO(NO)Cl2

−,
UO2Cl2

−, and NUOCl2
−. The geometrical parameters are given in

Table 1. The structure of UO(NO)Cl2
− is I in Figure 3.
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confirm the singlet cis isomer to be lowest in energy (see
Supporting Information for computational details and en-
ergies).
The terminal U−O distance bond in singlet ground state

UO(NO)Cl2
− is computed to be 1.778 Å, which is similar to

the U−O distances (ranging from 1.76 to 1.79 Å) reported in
other U(VI) complexes containing UO subunits.34,35 The NO
ligand bound side-on to uranium in the UO(NO)Cl2

− complex
is unprecedented. Although transition metal complexes with a
side-on bonded NO ligand have been observed previously,36

similar coordination has not been reported for uranium. The
first synthesized uranium−NO complex was characterized to
have a linear UNO geometry with a N−O bond length of
1.231(5) Å; the NO ligand there was considered to be NO− on
the basis of various experimental results and DFT calcu-
lations.37,38 Compared with such a short N−O bond, the rather
long N−O bond in the UO(NO)Cl2

− complex (1.436 Å)
suggests that the NO moiety is significantly further reduced
than NO− upon coordination to uranium. Evans et al. recently
isolated a coordination complex containing a reduced NO2−

unit where the NO is sandwiched between two yttrium ions
forming a significantly different structural and bonding motif
{[(Me3Si)2N]2(THF)Y}

35
2(μ−η2:η2-NO) when compared to

the uranium species.39 The N−O bond lengths in this
compound are 1.346(5) and 1.390(4) Å, somewhat shorter
than the N−O bond length found for the singlet state of both
isomers of UO(NO)Cl2

−. A minus 2 charge and a formal bond
order of 1.5 were assigned to the NO in the yttrium complex
based on trends in NO stretching frequencies. Natural Bond
Orbital (NBO) analysis40 of the ground state singlet
UO(NO)Cl2

− species shows the formation of a U(VI) species
where the N−O unit can be described as a NO3− with a single
bond and a bond order of 1. Additional DFT calculations and
NBO analysis were performed for the yttrium complex to allow
for a direct comparison of the bond orders between the yttrium
and uranium species. The NBO results confirm the bond order
assignment of 1.5 by Evans et al., in contrast to the 1.0 bond
order obtained for the singlet UO(NO)Cl2

−. In addition to the

Table 1. Computed Geometrical Parameters of the Lowest Energy Structure of Each Species Shown in Figure 2a

Species U−O U−N U−Cl O−N O−U−O O−U−N O−U−Cl

[UO2(N3)Cl2]
− 1.745 2.276 2.626 180 90 90

[UO(NO)Cl2]
− 1.778, 2.055 1.879 2.644 1.436 111 153 95

[UO2Cl2]
− 1.807 − 2.672 154 − 97

[NUOCl2]
− 1.782 1.713 2.655 − 156 93

aBond lengths are in Å; bond angles are in degrees.

Table 2. Computed Vibrational Parameters of the Lowest
Energy Structure of Each Species Shown in Figure 2

Species Frequencya Assignment

[UO2(N3)Cl2]
− 924 Symmetric O−U−O stretch

1001 Antisymmetric O−U−O stretch
[UO(NO)Cl2]

− 695 U−N stretch (minor U−O stretch)
915 U−O stretch (minor U−N stretch)
963 N−O stretch (minor U−O stretch)

[UO2Cl2]
− 842 Symmetric O−U−O stretch

884 Antisymmetric O−U−O stretch
[NUOCl2]

− 899 U−O stretch (minor U−N stretch)
1094 U−N stretch (minor U−O stretch)

aFrequencies in cm−1.

Figure 3. Optimized structures of the cis and trans side-on isomers,
the linear UNO, and nitrogen radical structures of UO(NO)Cl2

− at
DFT-PBE0 level of theory. Bond lengths are in Å. Structures I−III are
for the singlet states, while structure IV is a triplet. More precise bond
distances are in Table 3.

Table 3. Computed Geometrical and Vibrational Parameters of [UO(NO)Cl2]
− Species with Various Spin States within 55

kJ/mol from the Lowest Energy Structurea

Species Spin state Relative energy U−N U−O N−O Frequency

Cis Singlet 0 1.879 1.778, 2.055 1.436 911, 962
Open-shell singlet 13 2.136 1.807, 2.202 1.318 871, 1190
Triplet 21 2.126 1.803, 2.206 1.316 878, 1190

Trans Singlet 34 1.949 1.794, 1.993 1.429 886, 966
Open-shell singlet 22 2.131 1.808, 2.120 1.338 870, 1129
Triplet 28 2.169 1.807, 2.148 1.324 873, 1163

Linear UNO Open-shell singlet 32 2.240 1.827 1.207 856, 1677
Triplet 49 2.200 1.828 1.202 844, 1649

N radical Triplet 54 2.142 1.754, 1.754 − 900, 983

aBond lengths are in Å; relative energies in kJ/mol; frequencies in cm−1.
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single N−O bond, strong bonds are found between the
uranium and the nitrogen (double bond), and the uranium with
both oxygen atoms (triple bond for the terminal oxygen and a
double bond for the NO oxygen). Comparing the NBO
analysis of the higher energy open-shell singlet and the triplet
states of both the cis and trans isomers provides additional
credence to the U(VI) and NO3− assignment for the ground
state singlet cis complex. Both the open-shell singlet and triplet
species are found to have an unpaired electron in the 5f and an
unpaired electron on the NO unit, representing a U(V) and a
(NO)2− with a formal bond order of 1.5 as found for the
yttrium complex. In addition, note that these electronic states
have a N−O bond length that is 0.1 Å shorter than the NO3−

proposed for the ground state singlet.
The computed vibrational frequencies of UO(NO)Cl2

−

reveal two intense bands at 911 and 962 cm−1 (Table 2; see
Table S6 in the Supporting Information for calculated
intensities) that are in the region where terminal U−O and
U−N stretches have been observed.41−43 The lower frequency
mode is assigned to the U−O stretch for the terminal oxygen,
and the higher frequency mode, to the N−O stretch. A U−N
dominated stretch with weak intensity was found at 695 cm−1.
Compared with the vibrational frequencies for NO (∼1875
cm−1) and NO− (∼1370 cm−1),44 the N−O stretch in the
singlet UO(NO)Cl2

− (962 cm−1, Table 3) representing a
(NO)3− is much lower. The N−O stretch in the yttrium−NO
complex was found to be somewhat lower at 951 cm−1

compared to the uranium species studied here. The open-
shell singlet and triplet species representing a (NO)2− moiety
have a N−O stretch (1190 cm−1) that lies in-between the
frequencies of NO− and the NO3− of the singlet UO(NO)Cl2

−.
The calculated differences in bond orders, bond lengths, and
vibrational frequencies for the ground state singlet when
compared to the open-shell singlet and triplet NO2− states
provide additional confidence in assigning the U(VI) and NO3−

to the ground state singlet species.
Although the N3

− and NCO− ligands are isoelectronic, the
fragmentation pattern of UO2(N3)Cl2

− upon CID is different
from that observed for UO2(NCO)Cl2

−, where loss of CO2 to
form the NUOCl2

− complex was observed.14 The difference
between the fragmentation chemistries of UO2(N3)Cl2

− and
UO2(NCO)Cl2

− are in accord with the computed energies of
three fragmentation channels, reactions 1−3, for the azide
complex (ΔEDFT is the computed reaction energy including
zero-point corrections).

→

+ Δ =

− −

E

UO (N )Cl UO(NO)Cl

N 169 kJ/mol
2 3 2 2

2 DFT (1)

→

+ Δ =

− −

E

UO (N )Cl NUOCl

N O 315 kJ/mol
2 3 2 2

2 DFT (2)

→

+ Δ =

− −

E

UO (N )Cl UO Cl

N 275 kJ/mol
2 3 2 2 2

3 DFT (3)

The optimized geometries of UO2(N3)Cl2
− and the products in

reactions 1−3 are in Figure 2 and Table 1. N2 loss (reaction 1)
is energetically the most favorable of the three considered,
which accounts for the observation of UO(NO)Cl2

− during
CID. Reaction 2 is analogous to the reaction observed for
UO2(NCO)Cl2

− under CID conditions, which would produce
NUOCl2

−; this channel is computed to be the least favorable,

146 kJ/mol higher in energy than N2 loss (reaction 1). The
different fragmentation behaviors of UO2(NCO)Cl2

− (CO2
loss) and UO2(N3)Cl2

− (no N2O loss) can be related to the
comparative energies needed to convert the ligands, NCO or
N3, to the stable molecules, CO2 or N2O, as required for
conversion of a U−O bond to a U−N bond; these energies are
given by reactions 4 and 5.45

+ → + Δ = −ENCO O N CO 324 kJ/mol2 exp (4)

+ → + = −EN O N N O 157 kJ/mol3 2 exp (5)

Based on the greater exothermicity of reaction 4 versus reaction
5 it is expected that replacement of an Oyl by a N atom should
be energetically more favorable for the isocyanate ligand than
for the azide ligand.
Reaction 3 involves N3 ligand loss, resulting in the reduction

from U(VI) to U(V). Although it is computed to be less
favorable than N2 loss by 106 kJ/mol, the yield of UO2Cl2

−

(reaction 3) is slightly greater than that of UO(NO)Cl2
−

(reaction 1) upon CID. Since ligand loss generally does not
require significant activation energies, whereas an energy barrier
should hinder N2 loss, it is reasonable that reaction 1 is less
kinetically favorable than reaction 3, despite the fact that it is
less endothermic.

■ CONCLUSIONS
The fragmentation chemistry of UO2(N3)Cl2

− was investigated
in the gas phase using quadrupole ion trap mass spectrometry.
The UO2(N3)Cl2

− complex was prepared by ESI of methanol
solutions containing UO2Cl2 and NaN3. CID of UO2(N3)Cl2

−

resulted in the formation of UO(NO)Cl2
− by N2 loss and

UO2Cl2
− by N3 loss; the N2 loss channel involves activation of

the inert U−O bond. DFT calculations indicate that the
UO(NO)Cl2

− complex has a singlet ground state with a side-on
bonded NO ligand. Analysis of the bonding shows that the NO
ligand in the singlet ground state species can be considered as
NO3−, which implies a formal oxidation state of U(VI). In
contrast, analysis of the higher energy open-shell singlet and
triplet states have an NO ligand that can be considered as
NO2−, and a formal oxidation state of U(V). Although
formation of UO(NO)Cl2

− from UO2(N3)Cl2
− is endothermic,

it is energetically favorable compared with the other two
competitive fragmentation channels, N3 loss and N2O loss, for
which UO2Cl2

− and NUOCl2
− are the respective products. The

observation of a substantial yield of UO2Cl2
− during CID of

UO2(N3)Cl2
− can be attributed to the absence of an energy

barrier for the N3 ligand-loss reaction; this in contrast to an
activation barrier for the formation of UO(NO)Cl2

− and N2.
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