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ABSTRACT: Atomic uranium cations, U+ and U2+, reacted with the facile
sulfur-atom donor OCS to produce several monopositive and dipositive
uranium sulfide species containing up to four sulfur atoms. Sequential
abstraction of two sulfur atoms by U2+ resulted in US2

2+; density functional
theory computations indicate that the ground-state structure for this species
is side-on η2-S2 triangular US2

2+, with the linear thiouranyl isomer, {S
UVIS}2+, some 171 kJ mol−1 higher in energy. The result that the linear thiouranyl structure is a local minimum at a moderate
energy suggests that it should be feasible to stabilize this moiety in molecular compounds.

■ INTRODUCTION

The linear dipositive uranyl ion, {OUO}2+, is ubiquitous
in condensed-phase actinide chemistry and has accordingly
received extensive attention from both the experimental and
theoretical perspectives.1 The synthesis of condensed-phase
analogues of uranyl, where oxygen has been replaced by
another main-group element, is an ongoing goal. Success in
identifying such analogues has included linear diimido
complexes, {RNUNR}2+ (R = alkyl or aryl), in which
the NR ligand is isoelectronic with oxygen,2 a nitrido-
substituted analogue with a {NUO}+ moiety,3 and a
{R2CUO}2+ carbene.4 Very recently, Hayton et al.
synthesized the chalcogen monosubstituted uranyl analogues
[Cp*2Co][U(O)(E)(NR2)3], where E = S, Se, R = SiMe3, and
Cp* = C5Me5

−; the O−U−E bond angles deviate from linearity
by only a few degrees.5 On the basis of the synthesis of {O
US}2+ and {OUSe}2+ complexes, it is predicted that the
synthesis of complexes containing the {SUS}2+ and {Se
USe}2+ moieties should be achievable.5

In view of the central role of the UO2
2+ moiety, there is

particular interest in producing species incorporating bonds
between uranium and sulfur, the second short period
homologue of oxygen; as emphasized by the recent synthesis
of an [OUS]2+ complex,5 a particular goal is to prepare
molecular species incorporating thiouranyl, US2

2+. As an
alternative to conventional condensed-phase synthesis, reac-
tions of atomic uranium with atoms and molecules in cryogenic
matrixes have provided otherwise elusive species and bonding,
such as in the linear uranyl-like molecules, NUN6 and CUC.7

The SUO2 molecule, prepared and characterized in an inert
matrix, exhibits a T-shaped geometry, retaining the robust
uranyl moiety and incorporating an equatorial sulfur atom.8

The binary US, US2, and US3 molecules have been similarly

matrix-synthesized by the reaction of uranium with sulfur and
characterized by IR spectroscopy in conjunction with density
functional theory (DFT) calculations.9 In contrast to the linear
UO2 molecule,10 US2 was found to be highly bent, with an
experimental S−U−S bond angle of 118 ± 5° (116° calculated
here). Unlike US2, the US3 molecule is similar to its UO3

analogue, both exhibiting a T-shaped geometry.9,11

Following the pioneering work of Ephritikhine and co-
workers,12 several compounds with U−S bonds have been
synthesized, including the recently reported {OUS}2+

complex,5 but the {SUS}2+ thiouranyl moiety remains
elusive.13 Uranium persulfide compounds, in which uranyl is
coordinated by bidentate persulfide groups, exhibit analogy
with previously reported uranyl peroxide compounds.14 The
compound Cs3UP2S8 comprises a terminal US bond, which
is referred to as a “thiouranyl unit”;15 however, because this is a
uranium(IV) compound and there is no {SUS}2+ moiety,
it is not thiouranyl per se. Another complex comprising a
terminal US bond has recently been reported with a U−S
bond distance of 2.48 Å, which is ∼0.6 Å longer than the
corresponding terminal UO bond distance16 but only ∼0.1 Å
longer than the US distance in the {OUS}2+ complex.5

King et al. have recently reported a terminal uranium nitride
complex with a UN triple bond,17 in which the UN triple
bond length of 1.825 ± 0.015 Å is less than 0.05 Å longer than
the U−O bond length in uranyl.1b This and other comparisons
reveal a decrease in the efficacy of bonding to uranium down
the chalcogen group from oxygen to sulfur, in contrast to a
minor decrease across the series from oxygen to nitrogen.
Hayton and co-workers have recently reported a complex that
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incorporates a bridging disulfido linkage between two uranium
centers.18

Partly on the basis of the observation that, in contrast to
UO2, neutral US2 is bent, Denning has speculated that the
uranyl moiety may be restricted to first short-period ligands,1b

such as nitrogen in the diimidos.2 However, the structural
correspondence between the UVI molecules, UO3 and US3,
suggests some similarity in bonding and the possibility for a
stable thiouranyl moiety, {SUS}2+. A route to such
positively charged molecular ions, which may not ultimately
be accessible in the condensed phase despite recent
accomplishments,5 is via reactions of metal ions with neutral
molecules in the gas phase. Gas-phase US+, US2

+, and UOS+

monopositive ions have been prepared by reactions of U+ and
UO+ with the sulfur-atom donors CS2 and COS.19 More
recently, US+ was produced by the reaction of U+ with CS2,
UOS+ was produced by the reaction of US+ with CO2 or OCS,
and US2

+ was produced by the reaction of US+ with OCS.20

The “bare” uranyl ion, UO2
2+, was previously synthesized in the

gas phase by oxidation of U2+ to UO2
2+.21 It may be similarly

possible to synthesize the “bare” thiouranyl ion, {SUS}2+,
by the gas-phase reaction of U2+ with sulfur-donor molecules.
Because the synthesis of a molecular ion with a particular
composition and charge does not directly reveal structure and
bonding, gas-phase-ion syntheses are generally carried out in
conjunction with computational studies of the identified
species. In the present work, bare US2

2+, as well as several
other uranium sulfide and mixed oxide sulfide ions, were
synthesized in the gas phase and characterized by collision-
induced dissociation (CID). DFT computations provide
structures and energetics for experimentally observed species,
with a focus on the nature of US2

2+ in the context of the
stability of thiouranyl.

■ METHODS
Experimental Section. Gas-phase reactions were studied by

Fourier transform ion-cyclotron resonance mass spectrometry
(FTICR-MS) using procedures described in detail recently in a report
of our study of actinide monosulfide thermochemistry,20 as well as in
the Supporting Information (SI). The U+/2+ ions were produced by
laser desorption/ionization of uranium metal and trapped in the ICR
cell in which the pressure of the OCS reagent was maintained at ∼1 ×
10−7 Torr. Reactant ionsU+/2+ or sequential product ionswere
isolated in the cell, and product ion intensities were monitored as a
function of the reaction time. Rate constants, k, were determined from
the pseudo-first-order decay of the relative signals of the reactant ions
as a function of time at constant neutral reagent pressures. Reaction
efficiencies are reported as k/kCOL, where kCOL is the collisional rate
constant (see the SI). The typical detection limit for most reactions is
k/kCOL ≤ 0.005; however, the reactions of sulfur-containing ions with
OCS, for which interference from oxidation due to the background
gases is problematic, have a detection limit of k/kCOL ≤ 0.05. In CID,
ions are excited and undergo energetic collisions with neutral gas
atoms, primarily argon, which has been added to the cell; with
adequate excitation, ion fragmentation results.
Computational. DFT computations were performed using the

Gaussian 09 (revision B.01) program package.22 Full geometry
optimizations and frequency computations were performed using the
B3LYP hybrid functional;23 the Stuttgart−Dresden triple-ζ valence
basis sets together with the corresponding effective small-core
potential (SDD) were used for uranium24 and the Pople triple-ζ
basis sets, 6-311+G(2d), for sulfur.25 The B3LYP functional in
combination with the SDD basis sets has previously provided
reasonably accurate bond-energy results in actinide-containing
systems.20,26 All reported energies include the zero-point-energy
(ZPE) correction at 0 K. The “ultrafine” option was adopted for

numerical integration. Unrestricted methods were used for all open-
shell species. For each of the species studied, different spin
multiplicities were tested in order to establish the ground spin state.
No significant spin contamination issues were detected; the values of
S(S + 1) never exceeded the expectation value by more than 1%.
Natural bond orbital (NBO) and natural population analysis (NPA)
were performed using NBO 3.1, as implemented in Gaussian 09.27 The
nature of the bonding was analyzed by means of the atoms in
molecules (AIM)28 approach, using the AIMAll program package.29

■ RESULTS AND DISCUSSION
Monopositive and dipositive uranium ions, U+ and U2+, were
reacted with carbonyl sulfide, OCS, in an FTICR-MS
spectrometer. Carbonyl sulfide was selected because it is a
thermodynamically facile sulfur-atom donor, with the following
bond dissociation energies: D(OC−S) = 308 ± 1 kJ mol−1 and
D(O−CS) = 658 kJ mol−1.30 For the case of U2+, an important
selection criterion was also the rather high ionization energy of
OCS [IE(OCS) = 11.18 eV30], which could disfavor electron-
transfer pathways. It was possible to isolate several of the
reaction products and study sequential reactions. For several
reactions, there were two or three simultaneous pathways. The
observed reactions are summarized in Schemes 1 and 2

(product branching ratios are in the SI). Because the observed
reactions occur under thermal conditions and must be nearly
thermoneutral or exothermic, the following U−S bond
dissociation energy limits are derived as described in the SI
(values are in kilojoules per mole; DFT values are in braces):
436 ≤ D(U+−S) {484} ≤ 560; 308 ≤ D(SU+−S) {339} ≤ 443;
308 ≤ D(S2U

+−S) {313}; D(OU+−S) ≤ 528; 308 ≤ D(U2+−
S) {347} ≤ 742; 308 ≤ D(SU2+−S) {416}; 308 ≤ D(S2U

2+−S)
{308}; 308 ≤ D(S3U

2+−S) {324}. The results for US+ have
been described elsewhere.20 The disulfide results are evaluated
with a particular emphasis on the nature of US2

2+ in
comparison with uranyl, UO2

2+. The results for the trisulfides
and tetrasulfides are briefly discussed.

Scheme 1. Reaction Pathways for the Primary and
Sequential Reactions of U+ with OCSa

aAll pathways terminate at UO2
+, which is unreactive.

Scheme 2. Reaction Pathways for the Primary and
Sequential Reactions of U2+ with OCSa

aThe monopositive intermediate products react as shown in Scheme 1,
all ultimately terminating in UO2

+. The two terminal unreactive
products for the U2+/OCS reaction sequences are UO2

+ and US4
2+.
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Uranium Disulfides: The Nature of US2
2+. As indicated

in Scheme 2, the US2
2+ ion was produced by the sequential

abstraction of sulfur atoms from two OCS molecules by U2+.
The computed structures for the ground state (GS) and the
higher-energy thiouranyl isomer of US2

2+ are shown in Figure
1, together with the GS structures of US2 and US2

+, for

comparison. The GS US2
2+ isomer has a side-on η2-S2 triangular

structure with a S−S distance of 2.042 Å, which is very close to
the S−S single-bond distance.31 The computed [B3LYP/6-
311+G(2d)] S−S bond distance for the free S2 molecule is
1.923 Å, that for the free S2

•− radical anion is 2.043 Å,
essentially the same as that in GS US2

2+, and that for the free
S2

2− anion is 2.208 Å. Analysis of the GS US2
2+ 3A2 spin density

indicates an α spin density corresponding to three unpaired
electrons localized on the uranium atom, and a net spin density
of one β electron delocalized on the two sulfur atoms.
According to NBO analysis, the σ(U−S) bond orbitals are
formed from (21% s−60% d−19% f) uranium hybrids and
almost (93%) pure sulfur p orbitals. The polarization
coefficients (0.902 for sulfur and 0.431 for uranium) indicate
that the U−S bond is strongly polarized. The σ(S−S) bond is
formed from (7% s−91% p−2% d) sulfur hybrids, whereas the
π(S−S) bond is formed from p pure orbitals and is half-filled.
NBO analysis indicates that, in addition to the unpaired α
electron located on the π (S−S) bond, three other unpaired α
electrons are localized on the uranium atom and two β
unpaired electrons on each of the sulfur atoms. The charge
density, ρ, and ∇2ρ at the S−S bond critical points (BCPs) are
very close to the corresponding values in the free S2

•− radical
anion. A summary of the AIM analysis of the GS structures and
some other relevant US2, US2

+, US2
2+, and UOS2+ structures is

included as SI (Table S3). For comparison, similar information
regarding the GS structures of the corresponding monosulfides
and previously reported results for the UO2

+(2+) ions32 are also
included in Table S3 in the SI. All U−S bonds are characterized

by a relatively low charge density (ρ) at the U−S BCPs (lower
than 0.1 for the triangular structures and between 0.1 and 0.2
for bent and linear structures) and ∇2ρ values that are positive
and low (between 0.05 and 0.14); the total energy density H
(the sum of the kinetic and potential energy densities at the
BCP) at the U−S BCPs is in all cases slightly negative. In
general, ρ is greater than 0.2 au in covalent (shared) bonds and
less than 0.10 au in a closed-shell interaction (for instance, ionic
or van der Waals interactions). The Laplacian of the electron
density at the BCP, ∇2ρ, is negative in typical covalent bonding,
whereas in interactions characterized by a depletion of density
in the region of contact of two atoms, such as ionic, hydrogen-
bonding, or van der Waals, it is positive. In strong polar
bonding, there is a significant accumulation of electron density
between the nuclei, but the Laplacian can be of either sign.
More negative values of the total electronic energy density at
the BCP, H, reflect greater degrees of covalency. A number of
AIM properties of bonding involving uranium and different
ligands (i.e., −O, −S, −Cl, −F, −I, −CO, −OH, −NH2, −CH3,
η5-C5H5)

5,32,33 have been reported in the past few years. A
comparison of the AIM properties reported by Hayton et al.5

for the U−O (ρ = 0.266; H = −0.212) and U−S (ρ = 0.123; H
= −0.054) bonds of [Cp*2Co][U(O)(S)(NR2)3] and the
corresponding values for the bare UOS2+ linear GS (Table S3
in the SI) computed here indicates that there is a significant
decrease of the charge density at both the U−O and U−S BCPs
and a significant decrease of the magnitude of H (i.e., a less
negative value), as a consequence of the presence of the NR2
ligands. In uranium monosulfides, the charge density at the
BCP increases upon going from US to US2+, in parallel with the
shortening of the U−S bond length and the increase of the
vibrational frequency (from 448 cm−1 in US to 489 cm−1 in
US2+). The linear and bent disulfide isomers show higher BCP
charge densities, and more negative H values, than the
corresponding triangular isomers. The delocalization indexes
show that the average number of electrons delocalized (shared)
by the uranium and sulfur atoms is significantly higher in the
bent, and even more so, the linear isomers (Table S3 in the SI).
The covalency of the U−S bond is, therefore, higher in the
thiouranyl isomer; consequently, the relative stability of the
isomers is not determined by the higher efficacy of the orbital
interactions. In a recent computational study, bond-energy
decomposition analysis of US2 isomers has indicated that the
Pauli repulsion reduction that takes place upon going from the
linear to the bent structure is a critical contribution that favors
the latter, even when orbital interaction favors the linear
conformation.34 In early studies, the linear structure of UO2

2+

was attributed to the importance of the 5f−2pπ orbital
interaction,35 whereas the bent structure of US2 has been
attributed to a greater 6d contribution.36 NPA of the species
studied here shows that an important charge rearrangement
takes place upon formation of the sulfides and evidence a
greater involvement of uranium d orbitals in sulfide bonds
compared to similar oxide species (Table S4 in the SI). This is,
however, observed in all of the isomers, and the involvement of
the 6d orbitals increases upon going from the US2

2+ triangular
structures to the bent structure (i.e., the structure in which
there is not an S−S bond) and even more so in the linear US22+
structure. The uranium 5f valence population was found to be
comparable and in some cases higher in the sulfides than
oxides; e.g., in linear US2

2+, the 5f population, 2.86, is slightly
greater than that in linear UO2

2+, 2.49 (Table S4 in the SI).

Figure 1. Computed structures of (a) GS US2
2+, (b) US2

2+ thiouranyl
isomer (171 kJ mol−1 above the GS), (c) GS US2

+ (the two isomers
shown are essentially degenerate in energy, to within 1 kJ mol−1, at the
B3LYP/SDD level of theory), and (d) GS US2. Bond distances are in
angstroms, and angles are in degrees.
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A number of triplet and quintet spin triangular isomers very
close in energy to the GS 3A2within 18 kJ mol−1 (see Table
S5 in the SI)were located and studied. The presence of
several isomers close in energy to the GS US2

2+ suggests that
multireference ab initio methodologies might be necessary to
accurately represent the precise nature of the GS, as has been
found to be the case for the GS US2.

34 However, the linear
{SUS}2+ thiouranyl isomer, as well as the bent isomers, are
computed to be so much higher in energy than all of the
triangular US2

2+ electronic structures that it is confidently
concluded that the GS has a triangular structure. In particular,
the {SUS}2+ thiouranyl isomer is 171 kJ mol−1 higher in
energy than the GS. The computed U−S bond distance in
linear US2

2+ is 2.209 Å, 0.15 Å shorter than that in neutral US2,
0.27 Å shorter than the US terminal bond length in a
molecular complex,16 and 0.18 Å shorter than that in the {O
US}2+ complex.5 The U−S distance in US2

2+ is ∼0.5 Å
longer than the U−O distance in UO2

2+ (Figure 2); this
elongation is close to the difference between the ionic radii of
S2− (1.84 Å; coordination number 6) and O2− (1.40 Å),37

consistent with predominantly ionic bonding.
The computed bond dissociation energies for uranium

sulfides are given in Table 1. Cater et al. have reported
D(U−S) = 519 ± 10 kJ mol−1 and D(SU−S) = 515 ± 20 kJ

mol−1.38 We have recently reported experimentally derived
D(U−S) = 510 ± 63 kJ mol−1.20 The computed value for
D(U−S), 536 kJ mol−1, is in good agreement with the
experimental values, whereas that computed for D(SU−S), 438
kJ mol−1, is 57 kJ mol−1 below the experimental range. The
computed values for D(SU+−S) and D(SU2+−S) are greater
than D(OC−S) such that formation of the disulfide cations is
predicted to be thermodynamically favorable, in accordance
with the experimental observation of the formation of both
US2

+ and US2
2+.

The results for CID of US2
2+ are included in Table 2. The

only observed CID channel was charge separation to US+ + S+.

The DFT results indicate that for triangular US2
2+ charge

separation to U+ + S2
+ is energetically more favorable, albeit by

only 19 kJ mol−1. A possible explanation for observation of the
alternative US+ + S+ product during CID could be related to
different charge-separation barriers associated with the different
dissociation products. The results in Table 2 reveal that bare
linear thiouranyl should be slightly metastable toward
dissociation to US+ + S+ or U+ + S2

+, by 11 and 29 kJ mol−1,
respectively. However, as has been discussed by others, there
are inherent and substantial (i.e., at least 100 kJ mol−1)
Coulomb barriers to processes that require the separation of
doubly charged species into two singly charged species,39 with

Figure 2. Computed structures of the UO2
2+ linear GS and two triangular isomers (top) and of the UOS2+ linear GS and two nearly degenerate

isomers. RE is the relative energy with respect to the corresponding GS isomer. Bond distances are in angstroms.

Table 1. Computed Bond Dissociation and Ionization
Energies for Uranium Sulfidesa

D(S)b D(S2)
c IE

US 536 614
US+ 484 1269
US2+ 347
US2 438 561 714
US2

+ 339 409 1193
US2

2+ 416 336
US3

+ 313 238 1198
US3

2+ 308 310
US4

2+ 324 218

aIn kilojoules per mole. bEnergy for USn
q+ → USn−1

q+ + S. cEnergy for
USn

q+ → USn−2
q+ + S2.

Table 2. CID Products and Computed Energetics

precursor ion CID productsa computed energies (B3LYP/SDD), kJ mol−1

US+ U+ + S U+ + S = 484
US2

+ US+ + S US+ + S = 339/U+ + S2 = 409
US2+ U2+ + S U2+ + S = 347/U+ + S+ = 229
US2

2+ b US+ + S+ US+ + S+ = 161/U+ + S2
+ = 142b

US2
2+ c N/A US+ + S+ = −11/U+ + S2

+ = −29c

US3
2+ d US+ + S2

+ US+ + S2
+ = −33/US2+ + S+ = 130

US4
2+ d US2

+ + S2
+ US2

+ + S2
+ = −49/US3+ + S+ = 140

aOnly one significant CID channel was observed for each species.
bComputed energies for the US2

2+ triangular GS. cComputed energies
for the high-energy linear thiouranyl isomer, which is assumed to not
have been produced in these experiments. dGS structures are reported
in the SI.
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the result that bare thiouranyl, if it could be prepared, would
likely not spontaneously dissociate, although it could
spontaneously rearrange to the GS triangular isomer. Referring
to Table 2, a Coulomb barrier to charge separation accounts for
the (barrierless) dissociation of US2+ to U2+ + S, rather than to
the lower-energy products, U+ + S+. For the monopositive
sulfides, where charge separation is not a possible pathway and
there is no Coulomb barrier to separation into a 1+ and a
neutral species, the observed dissociations occurred via the
computed lowest-energy pathways.
The computed structure of neutral US2 is very similar to

those reported previously.9,34 The US2 molecule has a bent GS
3B1 structure, with a U−S bond distance of 2.362 Å and a S−
U−S angle of 116°. The linear triplet and singlet US2 structures
are higher in energy (at 26 and 60 kJ mol−1, respectively), and
the presence of imaginary frequencies indicates that they are
not real minima of the US2 potential energy surface. For US2

+,
two isomers, linear and triangular, were found to be essentially
degenerate in energy (within 1 kJ mol−1) at the level of theory
used here (see Figure 1).
A key result of the DFT structures reported here is that both

GS US2
+ and an isomer of US2

2+ are linear. Although the GS
structure of US2

2+ is the triangular isomer (Figure 1a), the
higher-energy disulfide is linear, in correspondence to uranyl,
and this higher-energy isomer can be considered to be
thiouranyl. Scan calculations were performed in order to
determine the barrier to interconversion between these two
isomers (Figure S3 in the SI). It was found that the barrier
involved is ca. 60 kJ mol−1 for both spin states (without ZPE).
On the basis of this barrier, thiouranyl is evidently metastable
relative to the triangular isomer in the gas phase, but with the
imposition of structural constraints, it could be possible to
stabilize the linear thiouranyl moiety in the condensed phase. In
contrast to the strong UO bonds in UO2

2+, D(OU2+−O) =
529 ± 31 kJ mol−1,40 the US computed bond dissociation
energy for the linear thiouranyl isomer of US2

2+ is only
D(SU2+−S) = 245 kJ mol−1. The present results suggest that
the bonding in thiouranyl is much less effective relative to that
in uranyl, which accounts for the GS triangular isomer in which
there is S−S bonding.
To further reveal the underlying basis for the structural

differences between linear UO2
2+ and triangular US2

2+, GS and
higher-energy structures of UO2

2+ and UOS2+ were computed
at the same level of theory as that employed for US2

2+, with the
results shown in Figure 2. The well-established GS linear uranyl
structure is obtained for UO2

2+, with two triangular structures
exhibiting O−O bonding higher in energy by more than 300 kJ
mol−1. For UOS2+, the GS structure is computed to be linear
semithiouranyl, but there are two distorted triangular structures
nearly degenerate in energy (within <20 kJ mol−1); these latter
structures are stabilized by S−O bonding. While the S−S
bonding in the US2

2+ triangular GS renders it lower in energy
than linear thiouranyl, the S−O bonding in UOS2+ renders the
linear semithiouranyl and distorted triangular structures nearly
degenerate in energy. A key point is that both the {SUS}2+

and {SUO}2+ structures are linear like uranyl.
Thiouranyl is evidently metastable relative to the triangular

isomer in the gas phase and exhibits relatively weak US
bonds, in accordance with the prediction of Denning.1b It
should be noted that the recent synthesis of a {OUS}2+

semithiouranyl complex5 does not necessarily suggest that
thiouranyl is a viable synthetic target. The present results
indicate that the GS of gas-phase UOS2+ is linear. Only if a

coordination environment could be crafted to circumvent its
substantial 171 kJ mol−1 lower stability relative to the triangular
structure could the linear thiouranyl moiety be prepared in the
condensed phase. It should be noted that the [(R2N)3U](μ-
η2:η2-S2) complex recently reported by Hayton and co-
workers,18 which comprises a triangular US2 unit capped by
another uranium, exhibits a structural unit similar to that
identified here for GS US2

2+.
Uranium Polysulfides, USn

q+ (n = 3, 4; q = 1, 2). As
shown in Schemes 1 and 2, U+ sequentially abstracted up to
three sulfur atoms from OCS, and U2+ abstracted up to four
sulfur atoms, to produce the following polysulfides: US3

+,
US3

2+, and US4
2+. The US3

+ and US3
2+ complexes both react

with OCS to produce UOS2
+, along with CS2 or CS2

+,
respectively; in contrast, US4

2+ is inert toward further reaction
with OCS. The thermodynamic requirement for a product
USn

q+ to be produced by sulfur-atom abstraction from OCS by
USn−1

q+ under the thermal experimental conditions is that
D(USn−1

q+−S) ≥ D(OC−S) = 308 ± 1 kJ mol−1 (see Table
1).30

With the exception of US4
2+, the polysulfide ions react with

OCS to produce UOSn−1
+ and CS2 or CS2

+ (Schemes 1 and 2).
As seen in Schemes 1 and 2, the sequential reactions of U+ and
U2+ with OCS molecules terminate at unreactive UO2

+ or
US4

2+.

■ CONCLUSIONS

The U2+ ion sequentially abstracts two sulfur atoms from
carbonyl sulfide, OCS, to produce the bare gas-phase US2

2+ ion.
The composition of US2

2+ corresponds to thiouranyl, in which
the two oxygen atoms in uranyl, UO2

2+, have been substituted
by homologous sulfur atoms. DFT computations indicate that
the GS structure of US2

2+ is a triangular isomer, with the linear
thiouranyl structure 171 kJ mol−1 higher in energy. The higher
energy of the thiouranyl isomer of US2

2+ is consistent with the
prediction by Denning that the uranyl-type moiety should be
limited to the first short period of elements, including carbon,
nitrogen, and oxygen.1b

■ ASSOCIATED CONTENT

*S Supporting Information
Experimental details, results of 34S isotopic tracking experi-
ments. reaction rate constants, efficiencies, product distribu-
tions, and thermodynamic constraints for the reactions in
Schemes 1 and 2, supplemental bond and ionization energies,
AIM and NPA analyses of all studied species, relative energies
of the US2

2+ isomers, potential energy profiles for conversion
between the triangular and linear US2

2+ isomers (singlet and
triplet spin states), GS US3

2+ and US4
2+ structures, complete ref

22, and mass spectra showing products of the reactions of U2+

and US2
2+ with OCS. This material is available free of charge

via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Authors
*E-mail: mc.michelini@unical.it.
*E-mail: jmarcalo@ctn.ist.utl.pt.

Notes
The authors declare no competing financial interest.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic4020493 | Inorg. Chem. 2013, 52, 14162−1416714166

http://pubs.acs.org
mailto:mc.michelini@unical.it
mailto:jmarcalo@ctn.ist.utl.pt


■ ACKNOWLEDGMENTS

This work was supported by Fundaca̧õ para a Cien̂cia e a
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