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Gas-Phase Reactions of Atomic Lanthanide
Cations with D2O: Room-Temperature Kinetics
and Periodicity in Reactivity
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1. Introduction

The long-neglected lanthanide elements are gaining impor-
tance in many areas of modern technology.[1] Parallel to the in-
creasing industrial use of lanthanides, an increasing interest
has developed in the ion chemistry of the lanthanide ele-
ments.[2] Studies into the gas-phase reactivities of isolated lan-
thanide cations began in the late 1980s with Fourier-transform
(FT) mass spectrometry and various ion-beam techniques, to-
gether with laser ablation to produce the atomic cations.[3] Nu-
merous investigations over the past 20 years have made availa-
ble extensive data on the gas-phase reactions of the lantha-
nide cations (Ln+) with various inorganic and organic mole-
cules including hydrogen,[4] oxygen and nitrous oxide,[5] alka-
nes and cycloalkanes,[3b,c, 6] alkenes,[3a,b,7] alcohols,[8] benzene
and substituted benzenes,[9] phenol,[10] orthoformates,[9a,11] fer-
rocene and Fe pentacarbonyl,[12] methyl fluoride[13] and methyl
chloride.[14] Generally, these studies show that the reactivity of
Ln+ varies along the 4f series in terms of both the ionic prod-
ucts formed and the reaction efficiencies. These variations
have been related to the accessibility of excited electron con-
figurations with two unpaired non-f electrons, that is, to the
energies required to excite the ground states of the Ln+ cati-
ons, typically from 4fn5d06s1 to the 4fn�15d16s1 states. A recent
bonding configuration analysis by Gibson[15] suggests that two
unpaired 5d valence electrons, rather than a 5d and a 6s elec-
tron, affect the bonding between the metal centre and the
oxygen atom in LnO+ . The variations in the promotion ener-

gies required to achieve either 5d2 or 5d16s1 excitation are
qualitatively similar across the Ln+ cations, and result in similar
predictions for the periodic and Arrhenius-like dependencies of
the efficiencies of O-atom transfer on the electron-promotion
energy, except for differences in characteristic temperature.
To extend these basic investigations, herein we present a

general survey of the gas-phase reactions of Ln+ with D2O (ex-
cluding Pm+). We chose D2O rather than H2O to improve the
product-ion mass resolution. Surprisingly, to the best of our
knowledge, there are no previous reports on the reactions of
Ln+ with water, although gas-phase reactions between water
and other metal cations have been surveyed by several
groups.[16] As early as 1971, Biondi et al.[17] reported the first
measurement of the reactions of K+ and Na+ with water. Reac-
tions of first-row transition metal cations with water have been
surveyed by the Armentrout research group[16b,18] using guided
ion-beam mass spectrometry. Ugalde et al.[19] have analysed re-
actions of first-row transition metal cations with water by em-
ploying ab initio theory. Our own recent investigations of the
reactions of almost all of the first-, second- and third-row tran-
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Reactions of atomic lanthanide cations (excluding Pm+) with
D2O have been surveyed in the gas phase using an inductively
coupled plasma/selected-ion flow tube (ICP/SIFT) tandem mass
spectrometer to measure rate coefficients and product distribu-
tions in He at 0.35�0.01 Torr and 295�2 K. Primary reaction
channels were observed corresponding to O-atom transfer, OD
transfer and D2O addition. O-atom transfer is the predominant
reaction channel and occurs exclusively with Ce+ , Nd+ , Sm+ ,
Gd+ , Tb+ and Lu+ . OD transfer is observed exclusively with Yb+ ,
and competes with O-atom transfer in the reactions with La+

and Pr+ . Slow D2O addition is observed with early lanthanide
cation Eu+ and the late lanthanide cations Dy+ , Ho+ , Er+ and
Tm+ . Higher-order sequential D2O addition of up to five D2O mol-
ecules is observed with LnO+ and LnOD+ . A delay of more than
50 kcalmol�1 is observed in the onset of efficient exothermic O-

atom transfer, which suggests the presence of kinetic barriers of
perhaps this magnitude in the exothermic O-atom transfer reac-
tions of Dy+ , Ho+ , Er+ and Tm+ with D2O. The reaction efficien-
cy for O-atom transfer is seen to decrease as the energy required
to promote an electron to make two non-f electrons available for
bonding increases. The periodic trend in reaction efficiency along
the lanthanide series matches the periodic trend in the electron-
promotion energy required to achieve a d1s1 or d2 excited elec-
tronic configuration in the lanthanide cation, and also the peri-
odic trends across the lanthanide row reported previously for sev-
eral alcohols and phenol. An Arrhenius-like correlation is also ob-
served for the dependence of D2O reactivity on promotion energy
for early lanthanide cations, and exhibits a characteristic temper-
ature of 2600 K.

ChemPhysChem 2006, 7, 1813 – 1819 = 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1813



sition metal cations in the periodic table with D2O will be re-
ported separately.[20]

In the experimental studies reported here, all Ln+ cations
are formed within the same source, an inductively coupled
plasma (ICP) of argon at 5500 K. The ions are allowed to react
with D2O at room temperature (295�2 K) in helium buffer gas
(0.35�0.1 Torr) and the reactions are monitored by selected
ion flow tube (SIFT) tandem mass spectrometry.[5, 21] Primary re-
action rate coefficients and reaction product distributions are
measured and subsequent reactions are followed as well.

Experimental Section

The experimental results reported here were obtained with the
ICP/SIFT tandem mass spectrometer that has been described in
detail previously.[5, 21] The atomic ions were generated within an at-
mospheric-pressure argon plasma at 5500 K fed with a vaporized
solution containing the lanthanide salt. Solutions containing the
metal salt of interest at a concentration of approximately 5 mgL�1

were peristatically pumped via a nebulizer into the plasma. The
plasma gas flow was adjusted to maximize the ion signal detected
downstream of the SIFT. The sample solutions were prepared using
atomic spectroscopy standard solutions commercially available
from SPEX, Teknolab, J. T. Baker Chemical Co., Fisher Scientific
Company, Perkin–Elmer and Alfa Products. The ions emerging from
the ICP were injected through a differentially pumped
sampling interface into a quadrupole mass filter and,
after mass analysis, introduced through an aspirator-like
interface into flowing helium carrier gas at 0.35�
0.01 Torr and 295�2 K. After experiencing about 105

collisions with He atoms, the ions were allowed to react
with D2O added into the flow tube.

The lanthanide ions emerging from the plasma initially
had a Boltzmann internal energy distribution characteris-
tic of the plasma temperature. However, these emerging
populations are expected to be downgraded during the
�20 ms duration before entry into the reaction region
in the flow tube. Energy degradation can occur by radia-
tive decay as well as by collisions with argon atoms and
the 105 collisions with He before entry into the reaction
region. The electronic states of the lanthanides, due to
the presence of f electrons, are a mixture of states with
both positive and negative parity. This means that there
are a large number of parity-allowed transitions that
occur quickly (�10�8 s), thus changing their original
state distribution from the ICP. La+ itself is an exception
for lanthanides in that it behaves like a transition metal
ion, since it does not have any low-lying states with oc-
cupied f orbitals. The extent to which quenching of any
electronically excited states of the lanthanide cations
that may be formed within the ICP is complete is uncer-
tain, and could be inferred only indirectly from the ob-
served decays of primary ion signals. The observed
semi-logarithmic decays of the reacting lanthanide cati-
ons were invariably linear over as much as three deca-
des of ion depletion and so were indicative of single-
state populations (or multiple-state populations with
equal reactivities). The many collisions with Ar and He
between the source and the reaction region should
ensure that the atomic ions reach a translational tem-

perature equal to the tube temperature of 295�2 K prior to enter-
ing the reaction region.
Reactant and product ions were sampled at the end of the flow
tube with a second quadrupole mass filter and their signals were
measured as a function of added reactant. The resulting profiles
provid information about reaction rate coefficients and product-
ion distributions. Rate coefficients for primary reactions are deter-
mined with an uncertainty estimated to be less than �30% from
the semi-logarithmic decay of the reactant-ion intensity as a func-
tion of added reactant.

D2O was introduced into the reaction region of the SIFT as a dilute
mixture in helium (�2.5%) and obtained commercially with high
purity (Aldrich, isotopic purity >99.75 at%�D).

2. Results and Discussion

The reactions of 14 lanthanide cations with D2O are investigat-
ed and both the primary and higher-order chemistries are
monitored. All lanthanide cations exhibit some reactivity to-
wards D2O, mostly resulting in LnO+ formation. The results ob-
tained for the reactions of La+ , Ce+ , Gd+ and Lu+ are shown
in Figure 1. Table 1 summarizes the measured rate coefficients
and product distributions and derived reaction efficiencies. The
reaction efficiency is taken to be equal to the ratio k/kc, where

Figure 1. Composite of ICP/SIFT results for the reactions of the lanthanide cations Ce+ ,
Pr+ , Gd+ and Lu+ with D2O in helium buffer gas at 0.35�0.01 Torr and 295�2 K.
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k is the experimentally measured rate coefficient and kc is the
capture or collision rate coefficient. The value of kc is comput-
ed using the algorithm of the modified variational transition-
state/classical trajectory theory developed by Su and Chesna-
vich[22] with aACHTUNGTRENNUNG(D2O)=1.26H10�24 cm3[23] and mDACHTUNGTRENNUNG(D2O)=
1.8545 D.[24]

The three primary reaction channels that are observed are
indicated in Reactions (1a–1c):

Lnþ þ D2O ! LnOþ þ D2 ð1aÞ

! LnODþ þ D ð1bÞ

! LnþðD2OÞ ð1cÞ

They correspond to bimolecular O-atom transfer [Reac-
tion (1a)] , bimolecular OD group transfer [Reaction (1b)] and
D2O addition [Reaction (1c)] . O-atom transfer is the predomi-
nant reaction channel and was seen in the reactions with La+ ,
Ce+ , Pr+ , Nd+ , Sm+ , Gd+ , Tb+ and Lu+ . OD group transfer
was the only channel observed with Yb+ and competed with
O-atom transfer in the reactions with La+ and Pr+ . D-atom
transfer is not observed, probably due to the low D-atom affin-
ities of the Ln+ cations, cf. H-atom affinities HAACHTUNGTRENNUNG(La+)=57.2�
2.1 kcalmol�1, HA ACHTUNGTRENNUNG(Lu+)=48.6�3.7 kcalmol�1;[4] these are both
smaller than the value for HA(OH) (see Table 3). D2O addition is
seen with the late lanthanide cations Dy+ , Ho+ , Er+ and Tm+

and the early lanthanide cation Eu+ , but the reaction rates are
very low and the corresponding reaction rate coefficients are
all below our instrumental measuring limit. As expected from
the much lower first ionization energy of the lanthanides
[IE(Ln)] , which are all <6.3 eV, compared with that for D2O
(12.6395�0.0003 eV),[25] electron transfer is not observed with
any of the Ln+ cations.

The secondary and higher-
order reactions that are ob-
served all correspond to D2O
addition. No secondary O-atom
abstraction is observed with the
primary product LnO+ to pro-
duce LnO2

+ . The D2O is ob-
served to hydrate almost all of
the monoxide and hydroxide
lanthanide cations according to
Reactions (2) and (3):

LnOþðD2OÞn þ D2O

! LnOþðD2OÞnþ1
ð2Þ

LnODþðD2OÞn þ D2O

! LnODþðD2OÞnþ1
ð3Þ

All these addition reactions are
expected to proceed in a ter-
molecular fashion under our ex-

perimental operating condi-
tions, with He buffer-gas atoms acting as the stabilizing third
body.
Secondary and higher-order D2O addition is observed for

LnO+ =LaO+ (n=0–4), CeO+ (n=0–4), PrO+ (n=0–4), NdO+

(n=0–4), SmO+ (n=0–4), GdO+ (n=0–4), TbO+ (n=0–4) and
LuO+ (n=0–4), and LnOD+ =LaOD (n=0) and YbOD+ (n=0–
4). We did not see the higher-order D2O adducts Ln+

ACHTUNGTRENNUNG(D2O)n
(n>1), probably because of the small initial rate of formation
of Ln+

ACHTUNGTRENNUNG(D2O).

2.1. Periodicities in Reaction Efficiency

The efficiencies of the 14 primary reactions of Ln+ cations with
D2O change dramatically along the 4f row and range from
<2.4H10�4 (Eu+) to 0.14 (La+). The efficiencies of O-atom
transfer with La+ (5d2), Ce+ (4f15d2) and Gd+ (4f75d16s1) are all
relatively high at about 10%, and it is interesting to note that
these particular cations all have two unpaired non-f electrons
in their electronic ground state and are the only ones that
have such electrons [Lu+ (4f145s2) has a filled s orbital] . In con-
trast, the efficiencies of the other O-atom transfer reactions of
Pr+ (0.004), Nd+ (0.001), Sm+ (0.00067), Tb+ (0.04) and Lu+

(0.035) are all �0.04. The efficiencies for OD group transfer to
La+ , Pr+ and Yb+ are 0.028, 0.0002 and 0.0025, respectively.
The reaction rates for D2O addition are very slow and the effi-
ciencies with Eu+ , Dy+ , Ho+ , Er+ and Tm+ are all �2.4H10�4,
below the detection limit. An overview of the variation in reac-
tion efficiency of O-atom transfer across the lanthanide series
is included in Figure 2.

2.2. Thermodynamics of O-Atom and OD Group Transfer

The O-atom affinities (OAs) listed in Table 2 indicate that all
but three of the 14 lanthanide cations investigated have OA-

Table 1. Primary reaction rate coefficients, primary product distributions and higher-order product ions meas-
ured for reactions of atomic cations Ln+ with D2O in helium at 0.35�0.01 Torr and 295�2 K. Also included are
calculated collision rate coefficients and the derived reaction efficiencies (k/kc).

M+ k[a] kc
[b] k/kc Primary products PD[c] Higher-order product ions

La+ 3.0 21.3 0.14 LaO+

LaOD+

80
20

LaO+
ACHTUNGTRENNUNG(D2O)1–5

LaOD+ (D2O)
Ce+ 2.0 21.3 9.5H10�2 CeO+ 100 CeO+

ACHTUNGTRENNUNG(D2O)1–5
Pr+ 0.1 21.3 4.3H10�3 PrO+

PrOD+

95
5

PrO+
ACHTUNGTRENNUNG(D2O)1–5

Nd+ 0.02 21.3 1.0H10�3 NdO+ 100 NdO+
ACHTUNGTRENNUNG(D2O)1–5

Sm+ 0.013 21.2 6.7H10�4 SmO+ 100 SmO+
ACHTUNGTRENNUNG(D2O)1–5

Eu+ �0.005 21.2 �2.4H10�4 Eu+
ACHTUNGTRENNUNG(D2O) 100

Gd+ 2.3 21.2 0.11 GdO+ 100 GdO+
ACHTUNGTRENNUNG(D2O)1–5

Tb+ 0.82 21.2 0.04 TbO+ 100 TbO+
ACHTUNGTRENNUNG(D2O)1–5

Dy+ �0.005 21.1 �2.4H10�4 Dy+
ACHTUNGTRENNUNG(D2O) 100

Ho+ �0.005 21.1 �2.4H10�4 Ho+
ACHTUNGTRENNUNG(D2O) 100

Er+ �0.005 21.1 �2.4H10�4 Er+ ACHTUNGTRENNUNG(D2O) 100
Tm+ �0.005 21.1 �2.4H10�4 Tm+

ACHTUNGTRENNUNG(D2O) 100
Yb+ 0.052 21.0 2.5H10�3 YbOD+ 100 YbOD+

ACHTUNGTRENNUNG(D2O)1–5
Lu+ 0.7 21.0 3.5H10�2 LuO+ 100 LuO+

ACHTUNGTRENNUNG(D2O)1–5

[a] Measured reaction rate coefficient (in units of 10�10 cm3molecule�1 s�1) with an estimated accuracy of
�30%.[b] Calculated capture rate coefficient in units of 10�10 cm3molecule�1 s�1. [c] PD=primary product dis-
tribution expressed as a percentage.
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ACHTUNGTRENNUNG(Ln+)>OA(D2)=119.2 kcalmol�1. So O-atom transfer is exother-
mic in 11 cases. However, our measurements indicate a wide
range of reactivity (see Figure 3), which shows how the reac-
tion efficiency varies with O-atom affinity.
O-atom abstraction is the predominant reaction channel

with only eight of these 11 cations (La+ , Ce+ , Pr+ , Nd+ , Sm+ ,
Gd+ , Tb+ and Lu+), and proceeds with rate coefficients in the
range from 1.3H10�12 (Sm+) to 2.4H10�10 cm3molecule�1 s�1

(La+). The three late lanthanide metal cations, all with O-atom
affinities greater than OA(D2), Dy+ (143.3 kcalmol�1), Ho+

(141.3 kcalmol�1) and Er+ (140.3 kcalmol�1), do not exhibit O-
atom transfer (k�5H10�13 cm3molecule�1 s�). Clearly O-atom

transfer is not thermodynamically controlled. With the excep-
tion of Lu+ , Figure 3 shows a delay of more than 50 kcalmol�1

in the onset of efficient exothermic O-atom transfer. Energy
barriers inhibit most O-atom transfer reactions less exothermic
than 50 kcalmol�1.
For OD group transfer to be exothermic, the OD affinity

(ODA) of the lanthanide cation must exceed ODA(D)=
121.3 kcalmol�1[25] . The OD affinities for the 14 lanthanide cati-
ons that are studied appear to be unavailable at present. How-
ever, our observation of OD transfer in the reactions with La+ ,
Pr+ and Yb+ suggests that the OD affinities of these atomic
cations are 	121.3 kcalmol�1. The reaction with Yb+ is an in-
teresting special case since it leads only to YbOD+ with an effi-
ciency of 2.5H10�3. O-atom transfer is the most endothermic
(by 29.4 kcalmol�1) with this lanthanide cation. Apparently
ODA ACHTUNGTRENNUNG(Yb+)>ODA(D)=121.3 kcalmol�1 (see Table 3) but this is
not the case for the other lanthanide cations (Eu+ , Dy+ , Ho+ ,
Er+ and Tm+), for which O-atom transfer is thermodynamically
or kinetically unfavourable and with which only D2O addition
is observed.

Figure 2. O-atom transfer reaction efficiency (* and left ordinate axis) and
the energy required to promote an electron and leave the Ln+ cation in a
d1s1 configuration (& and right ordinate axis) plotted along the lanthanide
row of elements.

Table 2. Oxygen atom affinities (OA) [kcalmol�1] and selected electronic
properties [kcalmol�1] for lanthanide cations.[5]

Ln+

species
OA ACHTUNGTRENNUNG(Ln+) Ln+

ground-state
valence
configuration

Ln+

term
symbol

Promotion energy
to first 5d16s1

configuration

La+ 206.6�3.4 5d2 3F2 4.5�3.0
Ce+ 203.6�5.9 4f15d2 4H7/2

0 4.6�5.7
Pr+ 189.6�4.3 4f36s1 ACHTUNGTRENNUNG(9/2,1/2)4

0 22.3�0.8
Nd+ 180.8�4.3 4f46s1 6I7/2 34.8�8.3
Pm+ 4f56s1 7H2

0 46.4�7.2
Sm+ 139.6�4.3 4f66s1 8F1/2 62.1�5.8
Eu+ 93.2�4.3 4f76s1 9S4

0 92.8�5.0
Gd+ 180.6�4.3 4f75d16s1 10D5/2

0 0.0
Tb+ 171.0�5.9 4f96s1 ACHTUNGTRENNUNG(15/2,1/2)8

0 9.3�8.1
Dy+ 143.3�5.9 4f106s1 ACHTUNGTRENNUNG(8,1/2)17/2 36.0�6.1
Ho+ 141.3�4.3 4f116s1 ACHTUNGTRENNUNG(15/2,1/2)8

0 37.8�5.4
Er+ 140.3�4.3 4f126s1 ACHTUNGTRENNUNG(6,1/2)13/2 34.5�3.1
Tm+ 116.6�4.3 4f136s1 ACHTUNGTRENNUNG(7/2,1/2)4

0 55.5�7.4
Yb+ 88.1�5.9 4f146s1 2S1/2 79.4�4.0
Lu+ 128.0�4.3 4f146s2 1S0 36.6�3.6

Figure 3. Dependence of the reaction efficiency (k/kc) on the O-atom affinity
(OA) of the Ln+ cation. Reactions on the right of the dashed line are exo-
thermic for O-atom transfer while those on the left are endothermic. (*)
D2O addition reactions; (*) O-atom abstraction reactions.

Table 3. The bond energies D ACHTUNGTRENNUNG(X�OH) and D ACHTUNGTRENNUNG(XO�H) and the O-atom af-
finity OA(XH) for D2O, methanol, ethanol, 2-propanol and phenol [kcal
mol�1] .

Molecule, XOH OA(XH) D ACHTUNGTRENNUNG(XO�H) D ACHTUNGTRENNUNG(X�OH)

D2O
[a] 119.2 121.3 121.3

methanol[a] 89.8 104.3�1.0 92.5
ethanol[b] 95.6�0.2 104.3�1.0 93.7�1.0
2-propanol[b] 99.8�0.2 104.7�1.0 96.8�0.7
phenol[b] 102.5�0.3 88.1�1.7 113.4�1.9

[a] Determined from the DHf
0 found in ref. [25] . [b] Determined from the

DHf
0 found in ref. [27] .
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2.3. Correlation between Reactivities and Promotion
Energies

We have seen that eight among the 14 lanthanide cations
react with D2O at room temperature via O-atom transfer. La+

(4f75d16s1) with two natural non-f valence electrons exhibits
the highest efficiency for O-atom abstraction, followed closely
by Gd+ (5d2) and Ce+ (4f15d2). These three cations all have
two non-f valence electrons. The reactivities of the remaining
Ln+ cations (excluding Lu+ (4f146s2)), all of which have availa-
ble only one non-f electron (s1), are all less and decrease along
the early and late lanthanide series.
Figure 2 shows that the reaction efficiency for O-atom trans-

fer follows quite closely the variation across the lanthanide
row in the energy required to promote an f electron to achieve
a 5d16s1 configuration. Previously, we found this to be the case
for some lanthanide cation reactions.[5, 13,14] Such a promotion
would make two electrons available for bonding with atomic
oxygen. Promotion to a 5d2 configuration would achieve the
same result and the variation in electron-promotion energy
across the lanthanide row would be similar. Gibson[15] has sug-
gested that two unpaired 5d valence electrons, rather than a
5d and a 6s electron, affect the bonding between the metal
centre and the oxygen atom in LnO+ . Our observation of the
approximately equal reactivity of 10% for the reactions of D2O
with Gd+

ACHTUNGTRENNUNG(d1s1) on the one hand, and with La+(d2) and Ce+(d2)
on the other, does not allow a distinction between these two
possibilities. The values of the 4fn6s1 to 4fn�15d16s1 promotion
energy for all 14 Ln+ cations are listed in Table 2. Lu+ should
be regarded as an exception to the lanthanide cation series in
that a 6s electron rather than a 4f electron is promoted to a
5d orbital.
Figures 4 and 5, the latter an Arrhenius-like plot, demon-

strate that the measured reaction efficiency (k/kc) at constant
temperature (295 K) exhibits an exponential dependence on
the promotion energy (Ep) according to Equations (4) and (5):

k=kc ¼ 0:074 expð�0:084EpÞ ð4Þ

k=kc ¼ expð�XEpÞ ð5Þ

Lu+ clearly is anomalous in Figure 4 in that its reactivity is ab-
normally high and this is because a 6s electron rather than a
4f electron is promoted to a 5d orbital. The data set for
Figure 5 is too limited for the late Ln+ cations; only three of
these cations react with D2O by O-atom transfer, including the
special Lu+ (4f146s2) cation, and so are not included in
Figure 5. If X in Equation (5) is interpreted as 1/RTeff, the slope
of the semi-logarithmic plot in Figure 5 indicates a characteris-
tic temperature of 2600�100 K for O-atom transfer reactions.

2.4. Comparison with the Ln+ Chemistry of Alcohols and
Phenol

We can compare our results with those reported previously for
some other monohydroxide-containing molecules, namely vari-
ous alcohols and phenol. Fourier transform ion cyclotron reso-
nance (FTICR) mass spectrometry, in which atomic ions are pro-
duced by laser ionization of pure metal pieces, has been em-
ployed to investigate reactions of lanthanide cations with
methanol, ethanol, 2-propanol and phenol.[8c,10] The reaction
efficiencies determined with these four molecules are all
higher than those obtained here with D2O, but all show the
same periodic variation across the lanthanide row that is ob-
served with D2O. The comparison is shown graphically in
Figure 6. The order in total reaction efficiency, phenol>2-prop-
anol>ethanol>methanol>D2O, can be attributed to the rela-
tive strength of the electrostatic interaction due to ion–dipole
and ion-induced dipole interactions, as has been done previ-
ously for the three alcohols by Carretas et al.[8c] These authors
pointed to the increased availability of chemical activation
energy with increasing electrostatic interaction in the order of

Figure 4. Correlation of reaction efficiency for O-atom abstraction from D2O
with the energy Ep required to promote an electron and leave the Ln+

cation in a d1s1 configuration. The curve represents a fit with k/
kc=0.074exp ACHTUNGTRENNUNG(�0.084Ep).

Figure 5. Arrhenius-like correlation of reaction efficiency for O-atom abstrac-
tion from D2O with the energy required to promote an electron and leave
the Ln+ in a d1s1 configuration.
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the polarizabilities of the three alcohols : methanol (3.29 M3)
<ethanol (5.41 M3)<2-propanol (7.61 M3) where the polarizabil-
ity of the alcohol is given in parentheses.[26] D2O (1.26 M3) and
phenol (11.1 M3) fall at the two extremes of this range and so
also fit this trend.
Also shown in Figure 6 are the measured product branching

fractions for the Ln+ reactions that are observed. All five mole-
cules exhibit multiple products ; D2O shows the fewest and
methanol the most different ionic products. All five molecules
exhibit some O-atom transfer for which the exothermicity
order is methanol>ethanol>2-propanol>phenol>D2O, with
O-atom transfer from methanol being the most exothermic
(see Table 3). The same exothermicity order applies to OH
transfer (see Table 3). Competition between O and OH transfer
is evident (except for the reactions with D2O) and most notice-
able for the reactions with 2-propanol. Other channels com-
pete in the reactions with the lower alcohols and prevail with
methanol, which produces LnOCH2

+ (by H2 elimination) and
LnOCH3

+ (by H elimination) in addition to LnO+ and LnOH+ ,
all of which involve Ln�O bond formation. Addition by colli-
sional stabilization is more favourable under our SIFT condi-
tions (PHe=0.35 Torr) than under FTICR conditions (P=
10�5 Torr) and this accounts for the observation of this channel
only in our experiments.
Notably, OD abstraction by Yb+ is observed only in our SIFT

experiments with D2O, albeit with a very low rate coefficient,

k=5.2H10�12 cm3molecule�1 s�1; OH abstraction is not report-
ed for the reactions of Yb+ with the four other molecules with
which it would be more exothermic (see Table 3). In fact, Yb+

is unreactive with these molecules: k<5H
10�13 cm3molecule�1 s�1[8c,10] under FTICR conditions. We
cannot completely rule out the possibility of an excited-state
effect in this case, since it would require an excited-state popu-
lation of only 0.4%.

2.5. Mechanism for O-Atom and OD Group Transfer

The delay of more than 50 kcalmol�1 in the onset of efficient
exothermic O-atom transfer apparent in Figure 3 suggests the
presence of kinetic barriers of perhaps this magnitude in the
exothermic O-atom transfer reactions of Dy+ , Ho+ , Er+ and
Tm+ with D2O. Indeed, kinetic barriers have been reported for
analogous dehydrogenation reactions of some first-row transi-
tion metal cations with water by Ugalde and co-workers,[19]

who used DFT (B3LYP functional) theory to evaluate the poten-
tial energy surfaces for these reactions. The path of these reac-
tions is initiated by the formation of an MACHTUNGTRENNUNG(OH2)

+ complex (M=

metal), which is followed by the stepwise migration of the two
hydrogen atoms initially bonded to atomic oxygen to the
metal centre before H2 is finally eliminated. Although the over-
all O-atom transfer to these transition metal cations is often
exothermic, the various calculated transition states are found
to present substantial energy barriers, occasionally as large as
50 kcalmol�1. A similar reaction mechanism with similar energy
barriers for O-atom transfer from D2O to atomic lanthanide cat-
ions accounts for the delayed onset in Figure 3.
The mechanism of OD transfer is expected to be more

straightforward and may simply amount to D�OD bond inser-
tion, in which the metal cation coordinates to the electronega-
tive oxygen atom followed by the transfer of electron density
and homolytic H�OH bond cleavage.
The mechanism advanced for the O-atom transfer observed

with phenol, 2-propanol, ethanol and methanol is initiated
with an OH or CO insertion, with the preferred insertion per-
haps being determined by the relative O�H and C�O bond en-
ergies (see Table 3), and followed by four-centre electrocyclic
elimination of RH.[8c,10]

3. Conclusions

Lanthanide cations react with D2O at room temperature in a
helium bath at 0.35 Torr by O-atom transfer, OD transfer and
D2O addition. Our measurements show that D2O is not highly
reactive towards Ln+ cations (reaction efficiency �0.14) and is
less reactive than aliphatic alcohols and phenol. The reactivities
of all of these molecules exhibit a periodic variation across the
lanthanide series, with the early lanthanides in the “early” and
“late” lanthanide series being the most reactive. With the ex-
ception of Lu+ , a delay of more than 50 kcalmol�1 is observed
in the onset of efficient exothermic O-atom transfer, which
suggests the presence of kinetic barriers of perhaps this mag-
nitude in the exothermic O-atom transfer reactions of Dy+ ,
Ho+ , Er+ and Tm+ with D2O. O-atom transfer predominates in

Figure 6. Comparison of experimental results obtained for total reaction effi-
ciencies (top) and product branching fractions (bottom) for reactions of lan-
thanide cations with D2O, methanol, ethanol, 2-propanol and phenol.
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the reactions of D2O with the reactive lanthanide cations, and
the efficiency of O-atom transfer correlates with the energy re-
quired to promote an electron to achieve a d1s1 or d2 excited
electronic configuration in which two non-f electrons are avail-
able for bonding. The efficiency of O-atom transfer decreases
as the promotion energy increases, and the periodic trend in
reaction efficiency along the lanthanide series matches the pe-
riodic trend in the corresponding electron-promotion energy.
An Arrhenius-like correlation is observed for the dependence
of reactivity on promotion energy for early lanthanide cations,
and exhibits a characteristic temperature of 2600�100 K.
D2O is also an effective solvent of gas-phase LnO+ and

LnOD+ cations which sequentially add up to five D2O mole-
cules in the higher-order chemistry that was observed under
the experimental operating conditions of our ICP/SIFT tandem
mass spectrometer.
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