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How Can Uranium Ions (U+, U2+) Activate the
O�H Bond of Water in the Gas Phase?**
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Emilia Sicilia

Theoretical and experimental investigations of transition
metal cations in the gas phase have attracted considerable
attention, focusing mainly on the fundamental understanding
of activation of prototypical bonds (e.g. C�H, N�H, O�H).[1]

Most of these studies dealt with cations of the first and second
transition metal rows. However, the heavier 5f-block ele-
ments are also of great interest, mainly because of their
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unique ability to activate notoriously unreactive molecules
such as CH4 and CO2.

[2] In addition, there is an increasing
interest in studying the gas-phase chemistry of actinides in
order to obtain a better understanding of the particular
character of the electronic structures and energetics of the
early actinides, and especially the direct and indirect roles of
the 5f electrons in their chemistry.[3] Moreover, the chemistry
of uranium, particularly the hydrolysis reaction, is of funda-
mental importance.[4]

In a recent experimental study,[5] the pathways and rate
constants of the reaction of gas-phase uranium cations with
H2O were investigated using a quadrupole ion-trap mass
spectrometer (QIT-MS). In the case of the reaction between
U+ and H2O the reaction products shown in Equations (1)
and (2) were detected.

Uþ þH2O ! UOþ þH2 ð1Þ

Uþ þH2O ! UOHþ þH ð2Þ

There is some disagreement in experimental data regard-
ing the relative rates for reactions (1) and (2). In low-energy
ion-beam experiments,[6] both reactions were shown to be
exothermic with a branching ratio of about 10:1 in favor of the
first one. Therefore, it was concluded that the formation of
UO+ is thermodynamically favored at low kinetic energies
and the second reaction channel competes only at higher
kinetic energies. In the QIT-MS experiments,[5] the minor
product UOH+ was also detected with a branching ratio close
to 10:1, in agreement with the ion-beam experiments. In
Fourier transform ion cyclotron
mass spectrometry (FTICR-MS)
experiments, on the other
hand,[7,8] reaction (2) was not
observed. UOH+ was formed only
under conditions where thermal-
ization was not effective.[8]

The reaction of U2+ led to
similar products, although reliable
reaction rate constants were not
determined for this reaction.[5] In
contrast, recent experimental data
(FTICR-MS) indicate that U2+

reacts with H2O to produce only
UOH2+.[9]

We used three approaches of
density functional theory (DFT) to
analyze the reactions under study
(see the Supporting Information
for the method chosen and for
computational details). First,
B3LYP formulation was used
together with the Stuttgart/Bonn
(SDD) relativistic effective core
potential (RECP, small core). The
6-311++G(d,p) basis set of Pople
and co-workers was employed for
the rest of the atoms (B3LYP/SDD,
hereafter, where SDD= Stuttgart/

Bonn relativistic effective core potential). Second, the same
RECP and basis sets were used together with the PW91
functionals for the exchange and correlation parts of the
generalized gradient approximation (PW91/SDD). Addi-
tional calculations were performed by using the zero-order
regular approximation together with the PW91 functionals
(exchange and correlation) and the type TZ2P basis set as
implemented in the ADF package (PW91/ZORA). Finally,
we analyzed the effect of spin–orbit interaction by performing
single-point calculations on the optimized geometries
obtained at the PW91/ZORA level within the spin–orbit
ZORA approximation (PW91/SO-ZORA).

In both reaction paths, more than one spin state was
considered: for U+ the quartet state (electronic configuration
of the outer shells: 5f37s2), which corresponds to the ground
state (GS) of the bare cation, and the low-lying sextet
(5f36d17s1 and 5f47s1) and doublet states (5f37s2); for U2+ the
triplet and quintet (GS of the bare cation) states (the
electronic configuration is 5f4 in both cases).

In Figure 1 we present the reaction pathway for the
interaction of U+ and H2O.[10] Only in the case of the B3LYP/
SDD approximation was possible to correctly determine the
U+ GS. As a consequence, the potential energy profiles were
constructed based on the energy results obtained at that level
of theory. The quartet state remained the GS for the whole
reaction path. Therefore, we restrict our discussion of the
U++H2O reaction pathway to the results for this state.

The first step of the reaction involves the exothermic
formation of a stable ion–dipole complex (I, Figure 2). The
next step, that is, the O�H bond breaking, takes place through

Figure 1. Potential energy profiles (RE: relative energy, in kJmol�1) for the reaction of U+ with H2O at
the B3LYP/SDD, PW91/SDD (in square brackets), and PW91/ZORA (in parentheses) levels for the
quartet (c), sextet (g,l), and doublet states (d) of U+.[10] The statistically averaged
experimental data indicate the 5f37s2 configuration (quartet) as the GS of U+, followed by the
5f36d17s1 configuration (sextet I) at 3.73 kJmol�1, the 5f47s1 configuration (sextet II) at 58.85 kJmol�1,
and the 5f37s2 configuration (doublet) at 115.95 kJmol�1.[10]
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the U+ insertion into a O�H bond to form the HUOH+

intermediate (II). The formation of this intermediate, which
is a highly exothermic process, is possible after the system
surpasses the first transition state (TS1). The reaction, then,
can proceed toward the formation of the dehydrogenation
products [Eq. (1)], through a concerted four-center elimina-
tion of H2; or toward the formation of UOH+, as the result of
a simple cleavage of the U�H bond in the intermediate II
[Eq. (2)]. The formation of the GS insertion complex is
energetic enough so that the exit channel leading to the
formation of the products could be kinetically reached.
Activation barriers for all the TSs along the paths are
reported in Table 1.

As can be seen in Figure 1, the second exit channel,
namely the formation of UOH+ (quintet state) with a loss of
an H atom, is exothermic and has no barriers in excess of the
reactant energy, in agreement with the ion-beam experi-
ments.[6] The exothermicity of this process, however, is lower
than that of the dehydrogenation reaction. These results agree
with the experimental conclusion that the formation of UO+

is thermodynamically favored.[5, 6] The calculated exothermic-
ity for the dehydrogenation reaction fairly agrees with the
experimental estimation (about 315 kJmol�1).[7]

In addition to the previously mentioned dehydrogenation
path, which involves the formation of the (H2)UO+ inter-
mediate, we also considered the formation of a dihydride
uranium oxo ion, (H)2UO+. However, in a quite large
inspection of the potential energy surfaces, we could localize
this species only for U+ doublet states. In each case, the

(H)2UO+ isomer has been found to be higher in energy than
the (H2)UO+ isomer.

We have ensured that every transition state had only one
imaginary frequency and, by performing IRC (intrinsic
reaction coordinate) calculations, that this frequency connects
reactants and products. Therefore we are confident that the
dehydrogenation pathway involves the (H2)UO+ intermedi-
ate. Geometrical parameters of all the stationary points along
the dehydrogenation path are presented in Figure 2. All the
structures are planar, with the exception of HUOH+, in which
there is a deviation from planarity by about 4 deg.

An analysis analogous to that for the U+ reaction revealed
a similar reaction mechanism for the interaction between U2+

and H2O. The high-spin/low-spin splittings for the bare U2+

cation at all the studied levels of theory are given in
Figure 3,[10] which also shows the reaction profile for the
reaction. The situation is quite different from that of the
reaction of U+. Firstly, there is a crossing of the potential
energy surfaces just after the first transition state. After this
point, the reaction evolves along the triplet-state surface. We
were not able to characterize the second transition state for
the quintet state, independent of the level of theory
employed. However, this structure is surely quite high in
energy and it is not fundamental for the description of the
pathway, which evolves at this stage along the triplet-state
surface.

A comparison between the reaction pathways (Figures 1
and 3) and the barrier heights (Table 1) indicates that the
reaction of U2+ has to surpass a higher barrier for the first
transition state (around 85 kJmol�1 higher than in the
reaction of U+). The second barrier height (TS2) is compa-
rable for both reactions, whereas the dissociation barrier is
17.4 kJmol�1 higher than for the reaction of U+.

Experimental studies led to partly contrasting results
regarding the reaction products for the reaction of U2+ with
H2O. FTICR-MS results[9] indicated that the only reaction
product is UOH2+, whereas QIT-MS studies[5] detected both
reaction products, that is, UOH2+ and UO2+. From our

Figure 2. Geometrical parameters of minima and transition states at
the B3LYP/SDD, PW91/SDD (in square brackets), and PW91/ZORA (in
parentheses) levels for the reaction of U+ (quartet state) with H2O.
Bond lengths are in F and angles in deg.

Table 1: Activation barriers [kJmol�1] of the transition states (see
Figures 1 and 3).

U+�H2O B3LYP/
SDD

PW91/
SDD

PW91/
ZORA

PW91/SO-
ZORA

TS1[a] 60.76 34.48 17.95 21.97
TS2[b] 132.12 77.97 66.12 65.83
dissociation
barrier[c]

73.03 36.37 47.71 41.10

U2+�H2O B3LYP/
SDD

PW91/
SDD

PW91/
ZORA

PW91/SO-
ZORA

TS1’[a] 143.41 128.73 112.83 110.40
TS2’[b] 124.67 106.13 108.22 69.93
dissociation
barrier[c]

55.63 61.85 86.13 52.35

[a] Calculated as the energy difference between the first transition state
and the first complex (I or IV). [b] Calculated as the energy difference
between the second transition state and the first intermediate (II or V).
[c] Energy difference between the dissociated products (UO++H2 or
UO2++H2) and the last intermediate (III or VI).
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theoretical results, we conclude that the thermodynamically
favored reaction channel corresponds to the dehydrogenation
process, whereas the products UOH2++H have been found
to be about 95 kJmol�1 higher in energy (see Figure 3).

For the reaction of U2+, we also considered the charge-
separation asymptotes, that is, UOH++H+ and UH++OH+.
The first one has been included in Figure 3. The UH++OH+

asymptote has been found to be much higher in energy; its
endothermicity with respect to the U2++H2O asymptote was
calculated to be 651.6 kJmol�1 (B3LYP/SDD).

In Figure 4, we report the geometrical parameters for all
the species involved in the reaction with U2+ (GS species). All
the structures are planar, with the exception of the last
insertion structure (VI), in which there is a deviation from
planarity of about 6 deg (H2 fragment with respect to UO).

Bonding was studied by means of natural bond orbital
(NBO) and natural population analyses (NPA). The main
conclusions obtained from these analyses can be summarized
as follows. NPA analyses indicate that all the species involved
in the reaction path have a highly ionic character, mainly from
TS1/TS1’ to the products. This feature is particularly notice-
able in the case of U+, for which the charge on the metal
center becomes + 2.32 for HUOH+. It is interesting to note,
that the electronic configuration and the charge on the metal
center corresponding to the same reaction species on the
reaction paths of U+ and U2+ seem to be quite close (e.g.,
NPA charge of U in HUOH+: 2.32; of U in HUOH2+: 2.87),
which indicates more electron transfer from the metal center
to the ligand in the case of U+.

A detailed description of the NBO
analysis is available as Supporting Infor-
mation, which also offers some insight into
the bonding evolution along the reaction
paths and the direct role of 5f uranium
electrons.

In summary, a DFT study of the
reactions of U+ and U2+ with H2O had
the following results: 1) for both reactions
the dehydrogenation process is thermody-
namically favored; 2) the exothermic for-
mation of H2 in the reaction between U+

and H2O takes place without changes in
the spin state of the system; 3) the reaction
of U2+ with water is less favored, both
thermodynamically and kinetically, and
involves a spin transition between a quin-
tet and a triplet state; 4) no sharp differ-
ences between the theoretical approaches
employed in this work have been found,
which could permit us to decide which of
them is the better one. The B3LYP func-
tional seems to better reproduce the
experimental data of bare uranium cat-
ions, whereas the PW91 functional shows a
better agreement with experimental esti-
mations of thermochemical data. The

Figure 3. Potential energy profiles (RE: relative energy, in kJmol�1) for the reaction of U2+ with H2O
at the B3LYP/SDD, PW91/SDD (in square brackets), and PW91/ZORA (in parentheses) levels for the
quintet (c) and triplet (a) states of U2+.[10] The lowest energy triplet state reported in the Blaise
and Wyart tables[10] has the 5f27s2 configuration and is 442�72 kJmol�1 higher in energy than the
quintet GS. The 5f4 triplet state is not reported in these tables[10] . Our calculations indicated the 5f4

configuration to be the lowest-energy triplet state at 154.30 kJmol�1, whereas the 5f27s2 triplet state
is calculated to be at 419 kJmol�1 from the quintet GS (B3LYP calculations).

Figure 4. Geometrical parameters of minima and transition states at
the B3LYP/SDD, PW91/SDD (in square brackets), and PW91/ZORA (in
parentheses) levels for the reaction of U2+ with H2O. Bond lengths are
in F and angles in deg.
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inclusion of spin–orbit corrections generally decreases the
activation barriers by 1 to 38 kJmol�1.
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