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The importance of rare earth elements is growing in
many areas, especially chemical catalysis,1,2 metallurgy3 and
industrial field.4 Accordingly, gas-phase reactions of various
organic compounds with lanthanide cations have been ex-
tensively investigated by spectroscopic experiments5-10 and
computational studies11-13 for decades. Among these mole-
cular systems, H2O as the simplest molecule having the O–H
bond, serves as a good model to understand the O–H bond
activation by lanthanide cations. For example, the reactions
of H2O with many metal mono-cations have been plentifully
investigated experimentally7,14,15 and theoretically.16-19 
Cheng et al. performed the experiments on the reactions of

various 29 transition metal ions, 17 main-group atomic ions
and all lanthanide ions except Pm+ with D2O by using the
inductively coupled plasma/selected-ion flow tube (ICP/
SIFT) tandem mass spectrometry.7,15 Their experimental
results showed that the reactions proceeded to one of the
ensuing channels: (1) O atom transfer (M+ + D2O → MO+ +
D2), (2) OD transfer (M+ + D2O → MOD+ + D), and (3) D2O
molecular addition (M+ + D2O → M+OD2). The reactions
of 3d transition metal ions with H2O have been studied
theoretically by Irigoras and co-workers16-19 and their calcu-
lated results have shown that the most favorable reaction
pathway of the reactions involving early transition metal
ions (Sc+, Ti+, and V+)17,19 was the O atom transfer but those
involving middle (Cr+, Mn+, and Fe+)18 and late transition
metal ions (Co+, Ni+, and Cu+)16 was H2O molecular addi-
tion. These results are in good agreement with Cheng’s
experimental results.15

Although a number of studies for the reactions of various
metal ions with H2O have been investigated, theoretical
investigations for the reactions of lanthanide ions such as
Ce+ with H2O have not been carried out. Several experi-
mental investigations by Cheng et al.7,15 have shown that the
reaction of Ce+ with H2O go through following the O atom
transfer pathways. The detailed reaction mechanism Ce+

with H2O has not been explained yet. In addition, Ce+ may
serve as a good model to understand covalent and ionic
chemical bonds between lanthanide and main group atoms
because the ground electronic configuration of Ce+ involves
5d orbital occupations as well as 4f occupation. Thus,
theoretical investigation involving the detailed reaction

mechanisms of Ce+ with H2O is demanded to elucidate the
reaction mechanisms. For this purpose, in this work, we
have examined all possible reaction species, occurring on
the reaction potential energy surfaces (PESs) of Ce+ with
H2O using the density functional theory (DFT) method.20,21

In addition, the intersystem crossing (ISC) point is estimated
by the single-point energy calculations along the reaction
pathway. These results correlated to the recent experimental
findings.7,15 
We calculated the doublet and quartet PESs for the ion-

molecule reaction of Ce+ with H2O using DFT method, since
these two states are very close in energy and may inter-
convert during the reaction. All molecular structures of the
reaction species (reactants, intermediates, products, and tran-
sition states) were fully optimized using PBE0 hybrid DFT
functional,22 which are frequently used and gives reasonable
results for lanthanide molecular systems.23-25 The unrestrict-
ed formalism (UPBE0) was used for all spin states. In
particular, an open shell structure was used for the singlet
spin states. We used the relativistic effective core potential
(RECP) to treat the scalar relativistic effect for the lanth-
anide ion, Ce+. The small-core Stuttgart ECP28MWB26,27

with the large atomic natural orbital (ANO) valence basis set
([6s6p5d4f3g]) and 6-311++G(d,p) basis sets were used for
the lanthanide ion (Ce+) and other atoms (H and O), respec-
tively. We also carried out the harmonic vibrational fre-
quency calculation. All transition states were identified by
one imaginary frequency and confirmed by using the intrinsic
reaction coordinate (IRC) method.28,29 All relative energies
included the zero-point energy (ZPE) correction for all reac-
tion species. We also used the natural population analysis
(NPA)30 for characterizing atomic charge and electronic struc-
ture. All calculations were carried out using the Gaussian 03
program.31

All optimized geometries of both doublet and quartet spin
states and the reaction PESs regarding to the reactions of Ce+

with H2O are shown in Figures 1 and 2, respectively. The
initiation step of the reaction is the association complex
formation in both spin states. As shown in Figure 1, Ce+

moves toward the electron rich oxygen atom of the water to
form an initial intermediate, IM1 in both spin states. This
result can be readily expected due to the electronegativity of
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the O atom in water. In both 2IM1 and 4IM1 (the superscript
denotes the spin multiplicity) structures, the Ce–O bonds are
almost pure ionic bond according to NPA charge of Ce atom,
which are the same value (+0.982) in both structures. In
addition, Ce+ in both 2IM1 and 4IM1 structure has the same
molecular orbital (MO) character as those of 2Ce+ and 4Ce+,
respectively. These results can clarify why both 2IM1 and
4IM1 structures have similar geometrical parameters (see
Figure 1). As shown in Figure 2, the 2IM1 lies slightly higher

in energy (3.9 kcal/mol) than 4IM1. This energy difference is
similar to that between 2Ce+ and 4Ce+ (2.7 kcal/mol). This
result can also be attributed to the same electronic configu-
ration of Ce+ between bare ions and those of IM1 structure.
After the complexation, Ce+ abstracts one H atom from the

water via the transition state, TS12 in both doublet and
quartet spin states, namely, Ce+ activates the O–H bond of
H2O. The NPA charges of Ce in both 2TS12 and 4TS12 struc-
tures are +1.537 and +1.664, respectively; these values are

Figure 1. Selected parameters (bond lengths in Å and bond angles in degree) of optimized molecular strucutures of the reactant (H2O), the
products (CeO+ and H2), the intermediates (IMs), and the transition states (TSs) calculated by UPBE0 functional on the reaction of Ce+ with
H2O. NPA charges are displayed in italic numbers. Blue arrows indicate the transition vectors of main atomic motions in the transition
states.
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different from those of both 2IM1 and 4IM1 structures (+0.982
for both). These results indicate that the electronic structure
of Ce changes through the H abstraction, suggesting the
covalent contribution (orbital overlaps between d orbital of
Ce and p orbital of O and between d orbital of Ce and s
orbital of H) increases. Generally, a tunneling plays an
important role in the H transfer step (from O to Ce in this
case). The tunneling probability significantly increases as a
barrier height decreases. In this reaction, the barrier heights
are 13.3 and 16.6 kcal/mol on 2TS12 and 4TS12, respectively.
Since both barrier heights are considerable, the tunneling
effect is insignificant in this H transfer step. 
After the H abstraction by Ce+, the distance between Ce

and H is significantly different from each other; the Ce–H
distance (2.896 Å) of 4IM2 structure much longer than that
(1.982 Å) of 2IM2 structure (see Figure 1). The NPA charges
of Ce and H (Ce: +1.784 and H: +0.022) in the 4IM2

structure show that no bond between Ce and H exists.
Indeed, no orbital overlap between Ce and H on 4IM2 has
been observed. Three unpaired electrons occupy d and f
orbitals of Ce and s orbital of H in the 4IM2 structure. In
contrast, the strong overlap between d orbital of Ce and s
orbital of H exists in the 2IM2 structure. In addition, two α
and β electrons occupy the bonding orbital between Ce and
H (one unpaired electron occupies the non-bonding f orbital
of Ce in the 2IM2 structure). Thus, the short bond length of
Ce–H (1.982 Å) in the 2IM2 structure is attributed to this
electronic configuration. 
The electronic structure dramatically changed as the reac-

tion proceeds from TS12 to IM2. As mentioned above, the
electronic structure of 2IM2 is quite different from that of
4IM2. In the 2IM2 structure, especially, two paired electrons
occupy the bonding molecular orbital of Ce–H. This elec-
tronic structure results in the stabilization of the 2IM2

structure compared with the 4IM2 as shown in Figure 2.
Moreover, it should be noted that the oxidation number of
Ce has become +3 in the 2IM2 structure. The favor of +3
oxidation number is well-known property for the lanthanide
atoms. This result can also elucidate sharp energy lowering
of the 2IM2. The +3 oxidation number of Ce on the doublet
spin state has been kept up to the product. As shown in
Figure 2, the stabilization of the 2IM2 also leads to the
reversal of energy ordering; the 4IM2 lies much higher in
energy than the 2IM2. This indicates that the intersystem
crossing between the doublet and quartet PESs should exist.
We have estimated the location of ISC between quartet and
doublet spin states via the single-point calculations along
IRC pathway of doublet state (from 2TS12 to 2IM2). The two
diabatic PESs (doublet and quartet) are shown in Figure 3
and the crossing point of two PESs is also clearly seen.
Although actual adiabatic PESs should be calculated includ-
ing spin-orbit coupling (SOC), we can easily expect that the
spin state readily changes due to intrinsic large SOC of
lanthanide atom. Once the spin state changes from quartet to
doublet as shown in Figure 3, the 2IM2 is thermochemically
much more stable than 4IM2. In other words, the reaction can
proceed from 4TS12 (quartet) to 2IM2 (doublet) with thermo-

chemical stability which is induced by large SOC of Ce. 
In the next step, two hydrogen atoms of IM2 are close to

each other through TS23. However, as shown in Figure 1, the
structure of 2TS23 is quite different from 4TS23. The H–H
bond distance of 2TS23 is 1.150 Å, on the other hands, that of
4TS23 is only 0.776 Å, which is close to H–H bond length of
H2 molecule, 0.746 Å. Furthermore, Ce–O (1.880 Å for
2TS23 and 2.085 Å for 4TS23) and O–H distances (1.194 Å
for 2TS23 and 1.674 Å for 4TS23) are quite different in two
TS23. In the 2TS23 structure, the covalent bond between Ce
and H still exist although its bond length is longer than that
of 2IM2. As can be seen in Figure S1(a), the orbital overlaps
between Ce and H in the 2TS23 structure exist. In contrast, in
the 4TS23 structure, no orbital overlap between them is
observed (see Figure S1(b)). In addition, H2 molecule almost
forms according to its bond length and NPA charges whose
sum (0.089) is close to 0 in the 4TS23 structure. However, in
the 2TS23 structure, extra charge (0.439 + 0.323 = −0.116,
see Figure 1) of H2 exists, which occupy σ* orbital of H2

molecule resulting in elongation of bond length (1.150 Å).
In this step, namely, H2 formation step, no role of Ce is in the
quartet spin state (4TS23); only O mediates the H2 formation.
On the contrary, Ce in the 2TS23 structure mediates the H2

formation via covalent contribution of 5d and 4f orbitals of
Ce. These contributions lead to the lowering of activation
barrier for this step. As shown in Figure 2, the H2 formation
step (from IM2 to TS23) is the rate determining step on both
spin states. The activation barrier of the doublet state is 21.4
kcal/mol which is smaller than that (31.0 kcal/mol) of the
quartet spin state. Therefore, Ce catalyzes the H2 formation
and its magnitude of lowering is about 10 kcal/mol. 
As a final step of titled reaction, H2 forms on both 2IM3

and 4IM3 structures. The distances between H2 and Ce are
very long and the geometrical parameters of both 2IM3 and
4IM3 are similar to each other except CeO bond length,
indicating that H2 unit is separated from CeO unit. The NPA
charges of H2 in both 2IM3 and 4IM3 structures also confirm
that (see Figure 1). Finally, on both spin states, H2 are getting

Figure 2. Reaction PESs in doublet and quartet spin states for the
reaction of Ce+ with H2O calculated by UPBE0 functional. Values
in parentheses are the relative energies and the superscript denotes
the spin multiplicity.
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far away from CeO without barrier and the reactions are
completed. It is worthwhile to mention two major roles of
Ce in the reaction of Ce+ with H2O. First, the two spin states
(doublet and quartet) are mixed due to large SOC of Ce and
the reaction proceeds from the quartet to doublet spin state
where thermochemically is stable. Second, the activation
barrier of the H2 formation, the rate-determining step, has
been reduced due to the mediation of Ce. Thus, the O atom
transfer reaction can be readily occurred because of the
crucial roles of Ce. This result is in good agreement with the
recent experimental finding. 
In summary, we have performed DFT calculations to

elucidate the reaction mechanism of reaction Ce+ with H2O.
Our calculated PESs in both doublet and quartet spin states
account for how Ce+ activates the OH bond of water in the
gas phase and subsequently generates CeO+ and H2 products
in details. The efficiency of this reaction can be attributed to
two major role of Ce+. First, the spin multiplicity changes
from the quartet to doublet due to SOC of Ce atom. Second,
Ce catalyzes the H2 formation step, rate determining step
due to the covalent contribution of 5d orbital of Ce atom.
The calculated results well explain the experimental findings.
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Figure 3. Single-point energies of quartet state related with the
crossing point (CP) along the doublet state PES (IRC pathway
from 2TS12 to 2IM2) of the reaction of Ce+ with H2O.


